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1-1. Introduction to 'Excimer'
Electronically excited states of chromophores
and their relaxation phenomena in polymer systems have
become of interest in recent years. There have been
a great deal of interests in the relaxation processes
as a photophysical subject in polymer science. In
addition, much attention has been paid to the excited
state of polymers in connection with the photochemical
reaction and the photobiological phenomena. The most
striking characteristic of polymer systems is the fact
that a great number of chromophores gather together
in a given polymer domain, even in the extremely di-
lute conditions. This provides various specific
functions in polymer systems.
A number of investigations for the excited state
of simple molecules, e.g., aromatic molecules and
their derivatives, have clarified the fundamental
photophysical and photochemical relaxation processes.
Besides the unimolecular relaxation processes, bi-
molecular photophysical processes take place in such
locally concentrated systems as polymer molecules.
These processes are closely related to the specific
functions of polymer systems. One of the bimolecular
processes is the formation of 'Excimer1. Here, a few
fundamental matters about the excimer are described
below.
1
Excimer is an electronically excited dimer form-
ed by the attractive interaction between an excited
molecule and another molecule of the same kind in the
ground state. It exists only in the excited state,
and dissociates in the ground state due to the repul-
sive force between the monomeric molecules. In this
point, excimer is distinguished from the excited
dimer produced by light absorption of a dimer stable
in the ground state. Excimer fluorescence appears
as a broad structureless band in a longer wavelength
range than the ordinary fluorescence from the excited
monomeric molecule. The emission spectra vary marked-
ly with concentration of chromophores, although there
is no appreciable change in the absorption spectra.
Since the first observation of excimer fluores-
cence of pyrene in concentrated solutions was report-
ed by Fflrster and Kasper in 1954-≫ many systematic
investigations have been carried out, and several
2-7)excellent reviews have been published. Since the
work of Fttrster and Kasper, the excimer formation
processes have been studied in detail mainly for
pyrene molecule as a chromophore, because of its ad-
vantageous photophysical characteristics. Since then,
excimer emission was found for a lot of aromatic
molecules. 8,9) It was shown that excimer formation
is a common phenomenon for most aromatic molecules.
The first important characteristic of excimers
is on the dynamic properties due to the diffusion
controlled process of excimer formation. In fluid
solution, intermolecular excimer is formed by a colli-
sion between an excited molecule and a ground state
one during its excited lifetime. Then, the formation
2 -
of excimers is expected to be controlled by the mu-
tual diffusion of chromophores. The diffusion con-
trolled process of excimer formation has been verifi-
ed mainly for pyrene molecule. 10,11) The experimental
value of the association rate constant agree with the
theoretical rate of a diffusion controlled collision,
and the activation energy obtained from the Arrhenius
plot shows the same value as that of solvent viscosi-
ty. The excimer formation process is thus directly
governed by the ratio of temperature to viscosity for
the system.
The second important characteristic of excimers
is the geometrical requirement for the excimer forma-
tion; rather strict sandwich parallel geometry is
needed. The potential diagram for the formation of
excimers is given by the sum of energy due to the tt
orbital repulsion of aromatic molecules and the at-
tractive force in the excited state. Theoretical
treatments for the interaction energy are based on
the configuration interaction model between charge
resonance interaction and excitation resonance inter-
action. The arrangement of interacting chromophores
was calculated by the semi-empirical MO theory, and
the potential minima were found at the distance of
3 - A 2 between two aromatic planes. ■" The
sandwich parallel arrangement is the most stable one
for various chromophores. As for the experimental
studies of the geometrical requirement of chromo-
phores, crystals of aromatic molecules and various
aromatic compounds where two chromophores are fixed
in the molecule such as (m,n)-paracyclophanes. '
have been studied. The results also indicate that
3 -
the stable excimer arrangement is the sandwich paral-
lel geometry at the distance of 3 - U 2. A well-
known study is Hirayama's work,19' where fluorescence
spectra of various diphenyl- and triphenylalkanes
were measured. He observed excimer emission only for
the compounds in which two aromatic groups along the
alkane chain are separated by three carbon atoms.
It has been confirmed since that the n = 3 rule holds
for other kinds of chromophores such as dinaphthyl-
alkanes
20) " 21 2?)
1 and dicarbazolylalkanes. ' ' Chandross
and Dempster ' studied the fluorescence spectra of
various dinaphthylalkanes over the wide range of
temperature. They observed efficient intramolecular
excimer formation only for two symmetrical di-a-
naphthylpropane and di-B-naphthylpropane. Unsym-
metrical a3-dinaphthylpropane showed little excimer
formation. Therefore, they concluded that the stable
excimer geometry is the symmetrical sandwich arrange-
ment and the compounds other than n = 3 cannot
achieve the parallel conformation because of the in-
stability of alkane chain. 23)
Vinyl aromatic polymers such as polystyrene
satisfy the configurational condition for efficient
excimer formation, where the pendant fluorescent
aromatic groups are separated by three carbon atoms
of polymer chain. Since the first observation of
exciraer emission in polystyrene, 24) excimer fluores-
cence has been measured for a number of aromatic
polymers ': poly(vinyltoluene), poly(vinylnaphtha-
lene), poly(vinylcarbazole), poly(vinylpyrene), and
various kinds of vinyl polymers: poly(allylnaphtha-
lene), poly(naphthyl methacrylate), poly(naphthyl-
k
ethyl vinyl ether) and so on.
In dilute solution, the monomer and excimer fluo
rescence bands of there polymers agree with those of
monomeric and dimeric model compounds, although the
excimer formation in polymers is usually more effi-
cient than the formation in model compounds. Each
intensity of the monomer fluorescence and excimer
one does not vary with the concentration of polymers,
and this shows that the observed excimers are formed
by intramolecular interaction between adjacent
aromatic groups on the polymer chain. As mentioned
above, the arrangement of chromophores in the excimer
state is the sandwich parallel geometry. The adja-
cent side groups must take place rotational motion
to achieve the favorable conformation of excimers
during the excited lifetime.. The ratio of excimer
to monomer
tures, 26,27
quantum yields markedly depends on tempera
and the excimer formation is inhibited
at a low temperature, 77 K in the dilute solution.
Thus, the intramolecular excimer formation in polymer
solution is governed by the micro-Brownian motion of
the polymer chain. The effects of stereo-regularity




styrene. ' The samples having high values of iso-
tactic content exhibit relatively high efficiency- of
excimer formation. These effects, i.e., tempera-
ture and stereo-regularity, suggest that the intra-
molecular excimers in solution are closely related
to the two fundamental physical properties of poly-
mers: molecular motion of polymer segments and their
micro-structures.
5 -
In solid state of polymers, both intra- and
intermolecular excimer formation is possible, but
the distinction is not easy. As the exeimer confor-
mation is unstable in the ground state, only a little
fraction of the chromophores seem to take the paral-
lel arrangement. The emission spectra of films of
polystyrene, poly(vinylnaphthalene), and poly(vinyl-
carbazole) consist of predominant excimer fluores-
cence, and even if the films are cooled at 4.2 K,
30)
the excimer emission can be still observed.
Since conformational changes of polymer segments are
suppressed in solid films, the efficient excimer
formation is attributable to the energy migration
from a chromophore absorbing the excitation light to
another chromophore taking the suitable arrangement
for excimer formation in the ground state. By the
fluorescence quenching experiments in polymer films,
the diffusion length of excitation energy and frac-
31)
tion of excimer forming site in poly(vinylcarbazole)
were estimated to be 200 8 and 10~ mole per mole of
the base unit of the polymer, respectively. In
solid, thus, energy migration plays an important
role in the excimer formation.
In dilute solution, the effect of energy migra-
tion process on the intramolecular excimer formation,
have not been clarified. Quenching experiments for
the monomer emission suggest that the singlet energy
migrates among chromophores with a fairly fast rate
constant, since the fluorescence quenching is more
effective than that for the monomeric model com -
pounds. *' A number of investigations have been
continued, *~?'' but the problems such as the
6 -
mechanism of energy migration in polymers and the
determination of migration rate, are still subjects
for further investigation.
Recent developments in the time-resolved tech-
nique for photoluminescence measurements enable de-
termination of individual rate constants of photo-
physical processes including the excimer formation
OQ _I -I＼process. It can be said that quantitative
study on various polymers and their model compounds
is necessary to clarify the excimer formation mecha-
nism in polymer systems. In addition to photosta-
tionary measurements, the time-resolved fluorescence
method provides further advances in the elucidation
of polymer excimers.
In this thesis, the author intends to clarify
the mechanism of intramolecular excimer formation in
polymer systems. There are two purposes for the
study of the excimer.
The first is fundamental interest for the re-
laxation processes of excitation energies, as a sub-
ject of polymer science. The detailed knowledge of
the intramolecular excimers seems to be essential for
understanding of the photophysical and photochemical
behavior of polymer systems. The importance has
already been mentioned at the beginning of this
section.
The second is applications of the excimers for
the study of physical properties of polymers. Par-
ticularly, the segment motion of polymers in solution
-10 7has the relaxation times in the range of 10 - 10 s,
which are the same range of the excited lifetimes for
7 -
usual aromatic molecules. As mentioned above, the
intramolecular excimers formed by the short range
interactions are closely related to the molecular
motion of polymer segments. Hence, the quantitative
study on the intramolecular excimers provides infor-
mation about the rotational relaxation times of poly-
mer chains.
1-2. Outline of This Thesis
This thesis aims to elucidate the excimer forma-
tion mechanism in polymer systems. For this purpose,
two approaches are taken; one is. the study of the
fluorescence behavior of various model compounds,
whose molecular structures are designed to clarify
the interactions of a pair of chromophores, and
another is the study of transient behavior in the
time range of 10 - 10" s, where the relaxation
processes of the excitation energy are directly ob-
served. The former approach is described mainly in
Part II and the latter one is presented in Part III.
The outline will be hereinafter mentioned briefly.
In Chapter 1, a few fundamental properties of
the excimers are described. This chapter is the
general introduction of this thesis, and its outline
is also mentioned.
Part I deals with fundamental characteristics of
inter- and intramolecular excimers of naphthalene
derivatives. Chapter 2 states the experimental
methods for studying the excimer formation processes
of naphthalene chromophore. Detailed procedures
for photostationary and time-resolved measurements
8 -
are described. Next, the kinetic treatments under
steady state and transient conditions are mentioned.
The kinetic treatments enable us to determine all the
photophysical rate constants in the kinetic scheme.
In Chapter 3, the inter- and intramolecular excimer
formation of the monomeric and dimeric model com-
pounds are analyzed in practice by the kinetic treat-
ments mentioned in Chapter 2. Characteristics of
inter- and intramolecular excimers of the model com-
pounds, 2-ethylnaphthalene and 1,3-dinaphthylpropane,
are discussed. Chapter 4 provides the geometrical
requirements for excimer formation of naphthalene
chromophores. The n=3 rule is examined for a,w-
dinaphthylalkanes. Emission properties of a few un-
stable excimers are also measured. The extraordinary
emission behaviors of the naphthyl groups are dis-
cussed with respect to the configuration.
Part II deals with studies on the intramolecular
excimers of model compounds and their conformational
relaxation processes. In Chapter 5> various dimeric
model compounds are synthesized, and the photophysical
rate constants are determined by the time-resolved
measurements. On the basis of association rate con-
tants, the relationship between the molecular struc-
ture and the conformational relaxation processes are
discussed. In Chapter 6, the conformation analysis
of dinaphthylalkanes is carried out. The pathway of
the internal rotation from the stable conformation
to the excimer conformation is described. The con-
figurational effects on the excimer formation rate
obtained in Chapter 5, are explained by the calcula-
tion of conformation energies. In Chapter 7, excimer
9 -
formation processes in trimer model compounds are
described. By the kinetic study and conformation
analysis, the individual interaction of each pair of
chromophores are discussed. The trimers can be re-
garded as the smallest model compounds having polymer
effects on the relaxation processes of excitation
energy. The photophysical behavior provides some
basic information for the excimer formation mecha-
nism in polymer systems.
Part III deals with the intramolecular excimers
in polymer systems. The emission behavior of poly-
(2-vinylnaphthalene) and its copolymers in solution
or in rigid matrix are presented, and two important
photophysical processes in the polymers: energy mig-
ration and excimer formation, are discussed. Chapter
8 provides the fluorescence behavior of poly(2-vinyl-
naphthalene) and its block copolymers: temperature
effect, molecular weight effect, and solvent effect.
The mechanism of intramolecular excimer formation
are discussed on the basis of the kinetic rate con-
stants, which are compared with those obtained for
various model compounds. In Chapter 9, the time-
resolved technique is applied to the vinylnaphthalene-
styrene copolymer systems. Here, effects of the
sequence distribution of chromophores, the migration
rate of excitation energy, and the rotational re-
laxation rate of polymer segments are discussed.
With a kinetic treatment taken account of these ef-
fects, the observed transient and steady state be-
havior is explained. In Chapter 10, the excimer
formation mechanism of poly(2-vinylnaphthalene) in
rigid matrix are described. The marked molecular
10 -
e-
weight dependence of the excimer formation efficienc
is explained as the results of energy migration on
the polymer chain. The concentration of excimer
forming site and migration rate of the excitation
energy are discussed.
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Experimental and Kinetic Treatment for the
Inter- and Intramolecular Excimer
Formation Processes
2-1. Introduction
Since the evidence of excimer formation in the
mechanism of dynamic quenching was reported by Fflrster
and Kasper for concentrated solutions of pyrene,
many detailed studies on the kinetic treatment of the
excimer formation processes have been carried out for
2)
pyrene solutions. Pyrene molecule possesses many
advantageous photophysical characteristics for study
of excimer formation, i.e., the long wavelength of
the absorption and emission bands, the large quantum
yields of the fluorescence, and the high efficiency
of the excimer formation at room temperature. The
mechanism of the excimer formation processes have
been elucidated quantitatively in this compound.
Before long; it was found that a lot of aromatic com-
pounds form excimers, which then emit luminescence in
a longer wavelength range of the spectra than the
ordinary fluorescence. Naphthalene chromophore is
one of the typical compounds which can form excimers.
Its dynamic quenching mechanism was elucidated by
the analysis of the photophysical behavior, using the
procedure developed for the intermolecular excimers
-IX- A)in pyrene solutions.
In this chapter, the experimental methods for
studying the excimer formation processes of naph-
- 17 -
thalene chromophore, are described. Next, the kinetic
treatments under steady state and transient conditions
are discussed on the basis of the kinetic scheme.
2-2. Experimental Method
2-2, 1. Steady State Measurements
In the measurements of dilute solutions, the
concentration of samples were adjusted to ca. 10
mol/1. In such dilute solutions, the naphthalene
derivatives show- no interaction between excited
chromophores during their lifetime. Tetrahydrofuran
(THF) and 2-methyltetrahydrofuran (2MTHF) were chosen
for the solvent in the present experiments, since
they are good solvents for the investigated polymers,
having very low freezing temperatures, and showing
no quenching effect on the chromophores. In par-
ticular, 2MTHF was used for the measurement at the
temperature, 77 K, since the solvent gives a trans-
parent rigid glass under the freezing temperature
(-136 °C). The solvents were purified by vacuum
distillation after preliminary distillation over
sodium metal. The solutions were degassed by several
freeze-to-thaw cycles at 10 mmHg. Measurements
were carried out on the solutions in rectangular
quartz cells (1 cm square cross section and A cm
long). Absorption spectra were obtained with a
Shimadzu UV-200S spectrophotometer. Fluorescence
spectra were measured with a Shimadzu spectrofluoro-
photometer model RF502, whose spectral response is
corrected by a standard tungsten lamp. The emission
spectra of dilute solutions were observed at a right
angle to the incident light. In the concentrated
18 -
solutions, emission spectra were measured by front
surface irradiation. The quantum yields of emissions
were determined relative to that of quinine sulfate
in 1 N sulfuric acid, which has several advantages
as a standard; it is not quenched by oxygen, exhibits
little concentration quenching, has no significant
overlap between its absorption and emission spectra,
and is stable in solution. ' The reported quantum
yield is 0.508 at 5 x 10~3 mol/1 and 0.546 for con-
centrations below 10"^ mol/1 at 25 °C, which is
constant to ±5% for excitation in the region 250-
370 nm. ' The samples were excited by the light of
wavelength, 276 nm which corresponds to the L band
(e = 5000) of naphthalene chromophore. For dilute
solutions, the concentrations of the samples and the
standard were adjusted to the same optical density at
276 nm (O.D. = 0.7 - 0.8) in order to observe the
emissions under an equivalent optical condition. In
such concentration of quinine sulfate, the value,
0.51 was adopted for the quantum yield of the stand-
ard. For concentrated solutions, the measurements
of quantum yields were carried out with the excita-
tion wavelength of 310 nm, at this wavelength, both
the sample solution and the standard solution (5 x
10 mol/1) absorbed completely the incident excita-
tion light in the region near the front surface.
Under such conditions, the quantum yield of standard
solution was taken as 0.51 - The fluorescence spectra
were separated into the monomer and excimer fluo-
rescence parts by the reference of the spectrum for
2-ethylnaphthalene at each temperature. On the
















Dewar cell for measurements at
20 -
tral curves for quinine sulfate (S ) and sample (S)
were measured. The quantum yield of the sample ($)
are given as follows,
$ = n2 S ≫q / (nq2 Sq),
where $ is the quantum yield of the standard, n and
n are the refractive indices of the sample solution
and the standard solution, respectively.
In the measurements at temperatures above 0 C,
the cell containing sample solution was set in a
thermo-regulated holder. The measurements at low
temperatures were carried out by dipping the cell
into isopentane precooled by liquid nitrogen in a
quartz dewar equipped with a thermocouple, illus-
trated in Fig. 1. Since isopentane has a very low
freezing point (-160 C) and good transmittance for
short wavelength light down to 220 nm, it is favor-
able for the medium of the cells. The quantum yields
at low temperatures were obtained relative to that
at room temperature under the same optical conditions
The values were corrected for the changes of the
refractive index and the density of solvent.
2-2, 2. Time-Resolving Measurements
A single photon counting method was used for
the measurement of fluorescence decay curves at tem-
peratures above 0 C. The apparatus consists of
an Ortec nanosecond fluorescence spectrometer and a
Hitachi multi-channel analyzer. At low temperatures,
the decay curves were measured by a pulse fluoro-
8)
meter, TRW model 31 B. The cells containing sample
















Fig= 2. A typical rise and decay curve of the
excimer emission measured with the single
photon counting method. The broken line
shows the excitation light generated by
an air gap pulser with a halfwidth of
2.5 ns.
a quartz dewar, and the fluorescence decay was ob-
served at a right angle to the excitation light. In
the single photon counting method, the excitation
light pulse was generated by an air gap pulser with
a halfwidth of about 2.5 ns. The typical time func-
tion of the excitation pulse and a fluorescence
decay curve are shown in Fig. 2. In the measure-
ment with TRW fluorometer, a deuterium lamp was used


















A typical rise and decay curve of the
excimer emission measured with the TRW
fluorometer- The broken line shows the
excitation light pulse generated by a
deuterium lamp with a halfwidth of 7-5
ns.
The typical response functions for the exci
tation light pulse and decay curve are shown in
Fig. 3. Suitable combinations of optical filters
were used for the excitation light and for the ob-
servation of the monomer fluorescence and excimer
fluorescence. The absorption and fluorescence spec-
tra of 2-ethylnaphthalene and fluorescence spectra
of poly(2-vinylnaphthalene) at room temperature are























and emission spectra of naph-
thalene chroraophore. ("1")Absorption spec-
trum of 2-ethylnaphthalene. (2) Fluores-
cence spectrum of 2-ethylnaphthalene. (3)
Fluorescence spectrum of poly(2-vinyl-













filter + UV-D25 filter. (2)
( 1 ) Chlorine
293 nm inter-
ference filter- (3) Chrome alum filter +
UV-D25 filter. U) SC-42 filter-
21 ~
the filters are shown in Fig. 5. The combination,
chlorine + UV-D25 (Toshiba) filters or 293 nm inter-
ference filter + UV-D25 filter were used for the
excitation. The chlorine filter was made by enclos-
ing chlorine gas with a rectangular quartz cell (1
cm) at a pressure of J＼.atm. In the former combina-
tion of filters, the lines at 259 nm and 270 nm of
the air gap pulser were used as the excitation light,
and in the latter combination, the lines at 296 nm
and 315 nm were used. The monomer fluorescence was
selected by chrome alum filter + UV-D25 filter. The
chrome alum (KCr(S0 ,)2"12HpO) was prepared by re-
ducing recrystallized potassium dichromate with
ethanol. A ]5% chrome alum solution in 1 N sulfuric
acid was sealed in a glass cell (1=5 cm). The ex-
cimer fluorescence was separated from the monomer
fluorescence by SC-4.2 filter (Fuji), which cuts off
the light below the wavelength of 4-00 ni.
The methods for preparation of materials will
be described in each chapter- From the measure-
ments of quantum yields and decay curves, the rate
constants of the excimer formation processes are
determined on the basis of the transient reaction
kinetics. The relationship between the rate con-
stants and the experimental data will be mentioned
in the following section.
2-3. Kinetic Treatment of the Excimer Formation
Processes
2-3, 1. Steady State Kinetics
The formation of the excimer in solution occurs
via a collision between an excited chromophore and
25 -
the same kind of chromophore in the ground state.
The kinetic scheme of such excimer formation is given
in Fig. 6. The rate parameters for the photophysical











































1 1 -Xwhere M and M represent the chromophores in the
ground state and the excited singlet state, respec-
1 *tively, and D represents the singlet excimers. In
the present system, all the photophysical processes
associated with the triplet excited states are radi-
ationless, hence those processes can be included in
the scheme into the radiationless processes together
with the internal conversion processes.
The rate constants for steady excitation can be
written as follows,
d(V]/dt . V k12(V) - (kg1+ kSi+ k21[1M])(1M*]
(1)







Kinetic scheme of the inter-
molecular excimer formation
processes.
is the intensity of excitation light. Under
photostationary conditions, d[ M ]/dt = d[ D^l/dt =
0, the concentrations of the excited molecules are
given in the following forms,
r 1 * 1
,i *-,
( D ) -
Jo k2 / (k1 k2 - k 21 k12^M)) (3)
I k [1M] / (k1 k2 - k21 k12(1M]), U)
where the parameters, k.. and kp are defined as follows,
27 -
k1 = k21[1M] + k01. k2 = k + kQ2,
kO1 kO1 + kQ1, kQ2 - kQ2 + kQ2 .
Using these parameters, the quantum yields of the
monomer fluorescence ($M) and the excimer fluores-









k21[1M] / (k. k2 - k21 k12[1M]) . (8)
The ratio of the quantum yields, $t-/$m can be ex-
pressed in a simple form,
V*M = kO2 k21
^M / k5i A. /-＼ ･ (9)
The equation shows that the ratio should be propor-
tional to the concentration of chromophore at a given
f ftemperature. Moreover, k~,. and kgp is generally in-
dependent of temperature, and then in such low tem-
perature region that the rate constants, k^p and kn?
fare negligibly small compared to k^p, Eq. 9 can be
written as
V*M = k2ifiMJ / kO1
= (Na f^) 7 kO1} exP (~Ea
where N and E
a a
/RT),
are the frequency factor and the
(10)
activation energy for the excimer formation process.
By the measurements of the temperature depend-
ence of the ratio <J>D/$M'we can obtain the activation
energy, E& as a slope of Arrhenius plot. The ratio
W takes a peak value at a temperature which is
28 -
called a critical temperature (T
perature range above T
c ). In the high tern-
, the condition, k
* kO1 '
21[1M], k12
k^p is satisfied in solution, and Eq. 9 is
expressed as
In (*D/*M) = - AH / ( RT ) + const,
and AH = Ed - E&,
(11)
where AH is the enthalpy change of the excimer forma-
tion, and E, is the activation energy of dissociation
process of the excimer. Hence, the Arrhenius plot
in the high temperature region gives the values of
AH and E,. Under this condition, Eq. 2 is modified,
[V] / ([V](1M] ) = k21 / (k12 + kQ2)
■*
k21 / k12 = Ke (12)
where K is the molar equilibrium constant of the
excimer formation and dissociation processes. Using
Eqs. 9 and 12, the following relation is obtained,
V$M = kO2 Ke 1^1 / kO1 ･
From the thermodynamic relation for the change of
free energy, AG,
AG R T In K = AH - T AS .
e
The entropy change (AS) for the excimer formation
process can be derived from Eqs. 13 and 14.,
(13)
(U)
*D/*M - (k£2(1M]/ k^) exp(AS/R) exp(-AH/RT). (15)
f f
Then, if the ratio. kn?/k01 is known, AS can be evalu
29 -
ated. Thus, by the steady state measurements in the
wide range of temperatures, thermodynamic parameters
such as E , E,, AH, and AS for the excimer formation
a o.
processes can be estimated.
These treatments are applicable to the intra-
molecular excimer formation processes only by re-
garding its association process as a pseudo-first
order reaction, where the concentration of chromo-
phore in the ground state is omitted in the above
equations. In order to determine the individual
rate constants, time-resolved fluorescence measure-
ments are required. But, the rate constants for the
intramolecular excimer formation processes were esti-
mated with steady state measurements by Klflpffer and
9)
Liptay, using an appropriate quencher such as oxy-
gen for the monomer and excimer fluorescence. The
treatments are briefly outlined below. In the
measurements for the monomeric model compounds in
dilute solution, the quantum yield of the monomer
fluorescence and its decay time are observed. The










yield with quencher, $, is,
I (km +kSi,q>- (17)
From Eqs- 16 and 17, the rate constants of the radia-
tive process of the excited monomer and its non-








kn _ / ,o-1 1 x ,f
k01 ~ ( $M " 1 j k01
1 ≫ *01





$S/$D = {<kO2+ kS2+ k12^k01+ kS^ + <k02+ kS2)k21}
x k + kn > 4t k21>
V$D = <kO2+ kS2+ k12> kO1 / (k02 k21}'
(20)
(21)
and the ratios of the fluorescence yields with quench-
er, $w/$-p.and $w/$p. are given by replacing the non-
radiative rate constants k,,,.and Icq^ by k^1 and
kno , respectively. Then the ratios of the non-
radiative rate constant to the radiative one are
derived as follows,
kS2Vk02 - f<*SV*D,q) - (*M,q/≫D,q)>/*S,q-1.<23)
Furthermore, Eq. 21 can be rewritten,
V*D = (k0i/k21^{(k02+ k12)/k02 + kS2/kO2} <2*
fM,q/$D,q= (kO1 /k21 >{(k02+ k12^k02 + kS2,q/kO2} "^




lcn /kf kn /lcf ) kf
^02^^02 " K02/JC02; K01
/ (W*D,q - W-
31 -
(26)
f ftFrom these equations, the rate constants, kg.,, ^Q1 '
and k?1 can be evaluated. However, further assump-
tion is necessary for determination of all rate
constants. They assumed that the monomer and excimer
fluorescence are equally quenched by the additional
quencher. Under such conditions, ^q?' ^02' anc^ ^12
can be determined by steady state measurements.
However, for the intramolecular excimers, espe-
cially, for the excimers in polymers, their kinetic
treatment is unsuitable, since the effeciency of
quenching of the excited monomer fluorescence in
polymers must be different from that in the monomeric
compounds. The collisional quenching of chromophores
is influenced directly by the mutual diffusion of
molecules, then the quenching efficiency in polymers
seems to be smaller than that in the monomer model
compounds. On the other hand, the presence of the
delocalization of excited state in polymers should
make the quenching more effective than the monomeric
compounds. Hence, these kinetic treatments can not
be used in the study of polymer systems. In order
to determine all rate constants in Fig. 6, time-
resolved measurements of the monomer and excimer
fluorescence are required.
2-3≫ 2. Transient Kinetics
In the time-resolved measurements, the chromo-
phores regarded to be excited by a 5-function light
pulse. The rate equations are written by the similar
forms to Eas. 1 and 2.
d[V]/dt = k12[1D""] - k [V]
32 -
(27)
d[V]/dt = k21(1M^jf1Mj - k [V) (28)
Under the initial conditions at t = 0, [ M j = [ M j ,
r1 *i °[ D j =0, the equations can be solved as follows,
[V] = [1M]O{(X2- k.,) expC-A.-t)




where the parameters, A...and A- are defined,
X1
2=
ifk^ k2+ {(k2- k.,)2 + Ak21k12(1M]}*]. (31)
Then, the response functions for the monomer fluo-
rescence f M(t) and the excim.er one fr,(t) after 6-
pulse excitation are derived,
fM(t) = k^(A2 - k.,) {exp(-X.,t)
+ A exp(-X2t)}/ (X2 - X.,)
fD(t) = kfQ2 k21 (1M) {expC-X^)
- exp(-X2t)}/ (X - X ),
(32)
(33)
where A is defined as, A = (k.. - A.)/( A~ - k,.).
Thus, the response functions can be represented by
two exponential functions.
In order to indicate the properties of these
response functions, we shall consider the typical two
conditions. First one is that the rate constants for
the association and dissociation processes are suf-
ficiently small compared with the values for k1 and
- 33 -
K. ^ f then the following relation is fulfilled,
-4. k
21 k12
[1M] / ( k - k2 )2 ≪ 1 ･ (34)
This condition is often satisfied in solution below
a critical temperature T . X^ and X~ can be written
as.
X1 = k2 - k21 k12 [1M] / (k1 - k2)
A2 - k1 - k21
k
(35)
12 [1M] / (k1 - k2) . (36)
If the dissociation rate constant, k.p is negligibly
small, X^ and Xp
X1 " k02 '
are given approximately,
X2 - kQ1 + k21





satisfied in the intermolecular excimer formation at
the high temperature region, then Eq. 31 can be ap-
proximated as follows,
X1 = (kQ1 + kQ2)/2 , A2 - k12 + k21[1M) . (38)
Since A~ takes extremely large value than A1 under
this condition, the response functions both for the
monomer and excimer fluorescence decay exponentially
with the same lifetime A.. except for the time range
immediately after excitation, as follows,
fM(t), fD(t) - exp{-(k01+ kQ2)t/2} .
The relations are obtained from Eq. 31
X. + A2 = k. + k2 ,






Equation 4-0 shows that the association rate constant,
k?1 is evaluated from the measurement of the con-
centration dependence of X. o, because at all ( M],
the following relation is derived,
3(X1 + X2)/ 3[1M) - k21 . (42)
On the. other hand, Eq. 4-1 can be used for Eqs. 7 and
8, and the quantum yields are written as,
*M= k^kg/X^g , *D= k^2k21[1M]/X1X2 . U3)
In the actual time-resolved measurement, the time
function of excitation light pulse can not be re-
garded as 6-function as shown in Figs. 2 and 3.
Hence, the observed decay curves of the monomer fluo-







p(t') fD(t-t') dt≪ .
(u)
(45)
where p(t) represents the overall time function of
the excitation pulse and the detector- X1 and A~ are
determined so as to fit the calculated IM(t) or In(t)
with the observed decay curves. From the data, A..,
A?, $M, and $~, all rate constants shown in Fig. 6
can be determined. The treatment for evaluation of
the intramolecular exciraer formation processes is
somewhat different from the intermolecular one. It
will be described in the next chapter on the basis
of the data with photostationary and time-resolved
measurements for inter- and intramolecular systems.
35 -
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Characteristics of the Inter- and
Intramolecular Excimers
3-1 . Introduction
Naphthalene derivatives are well-known compounds
having the ability to form excimers in solution, and
show a new broad fluorescence band in a longer wave-
length range of the spectra than the ordinary monomer
fluorescence. These excimers can be formed not only
intermolecularly but also intramolecularly in the mole
cules having two or more chromophores. For example,
polyvinylnaphthalene and its dimeric model compound,
1,3-dinaphthylpropane exhibit high efficiencies of the
intramolecular excimer formation.
Excimers are formed by the interaction between
an excited state chromophore and a ground state one.
It is known that the intermolecular excimer formation
process in solution is controlled by the mutual diffu-
sion of chromophores. On the other hand, intramo-
lecular excimers are formed by the interaction between
two chromophores attached to one molecule. Therefore,
the intramolecular excimer emission relates to the
molecular structures and the molecular motion of the
compounds. A kinetic study using the time-resolved
technique makes possible to determine the individual
rate constants of the photophysical processes of the
intramolecular excimers as well as the intermolecular
2)excimers. It seems that such quantitative investi-
gation provides significant information for the micro-
Erownian motion of molecules and the intramolecular
reactions.
- 39 -
In this chapter, the inter- and intramolecular
excimer formation processes are analyzed on the basis
of photophysical reaction kinetics as mentioned in the
previous chapter. 2-Ethylnaphthalene and 1,3-di(.2-
naphthyl)propane are chosen as the samples which are
corresponding to the monomeric and dimeric units of
poly(2-vinylnaphthalene), respectively. Individual
rate constants of the photophysical processes can be
determined by the measurements in photostationary and
transient conditions. From these kinetic analysis,
the characteristics of inter- and intramolecular ex-
cimers are clarified.
3-2. Experimental
1 ,3-Di(2-naphthyl)propane (1,3-DNPr) was prepared
by the same method of Chandross. 1,3-di(2-naphthyl)-
2-propen-1-one was obtained by condensation of 2-naph-
thaldehyde and 2-acetonaphthone in an alkaline ethanol
solution. After recrystallization from chloroform,
the product was reduced in acetic acid solution by ad-
dition of zinc dust and refluxing for a few minutes.
The mixture was filtered and the filtrate was extract-
ed with dichloromethane. After removing the solvent,
the residue was recrystallized from carbon tetrachlo-
ride to give colorless crystals of 1,3-di(2-naphthyl)-
1-propanone. The ketone was reduced by Wolff-Kishner
reduction. The reaction mixture was extracted with
benzene. After removing the solvent, the product was
chromatographed on silica gel with hexane-dichlomethane
(5:1): mp 104-105 °C; IR(KBr) 3050, 2950, 2850, 1630,
1600, 1510, U60, 815, 7^0, and 480 cm"1; NMR(CS2) 6=
1.90-2.25 (2H, m), 2.77 (4H, t, J=7.2Hz), and 7.10-
40 -
1.1k (UH, m) Found: C, 93.01; H, 6.99*. Calcd
for C23H2Q: C, 93.20; H, 6.80$.
2-Ethylnaphthalene(MNEt) (Aldrich Chemical Go.
Inc.) was used as a monomefic compound without further
purification.
Solutions of these samples were prepared in 2MTHF
and deaerated. Procedures for measuring fluorescence
spectra, quantum yields, and decay curves were de-






1. Photophysical Behavior of the Intermolecular
Excimer
Fluoresence spectra for MNEt at various concen-
trations were measured. Figure 1 shows the spectra at
-80 °c. The absorption spectra do not show any appre-
ciable change with concentration, whereas the fluores-
cence spectra show marked change at high concentra-
tions. In the solutions of high concentrations, the
normal fluorescence at 320-34-0 nm decreases and a
broad new emission band appears in the longer wavelength
range. The structured shorter wavelength band and the
broad longer wavelength band are assigned, respective-
ly, to the monomer fluorescence from non-associated
excited state chromophores and to the excimer fluores-
cence from excited state chromophores interacting with
another chromophores in the ground state. In the
spectra, the contributions from the monomor and excimer
fluorescence at a wavelength were estimated by the
spectra for dilute solution of MNEt at the same tem-
perature. The areas below the spectral curves give










Fig. 1. Fluorescence spectra of MNEt in 2MTHF
at -80 °C. Concentrations of MNEt: (1)
5.8 x 10~2 mol/l, (2) 1.2 x 10"1 mol/l,
(3) 2.0 x 10~1 mol/l.
U2 -
quantum yields.
The quantum yields of the monomer fluorescence
($^) and excimer fluorescence ($D) for MNEt solution
at various temperatures are shown in Fig. 2. At the
low temperature region below -100 °C, the quantum
yields, $, for the concentrated solutions give the
similar values as that for dilute solution of MNEt
which show no excimer fluorescence. At the liquid
nitrogen temperature, all of the samples show no ex-
cimer emission. This indicates that the excited
naphthalene chromophore during its lifetime can not
encounter with another molecule of the same kind in
the ground state, since the molecular motions are
suppressed. As the temperature increases, transla-
tional diffusion of molecules takes place so suffi-
ciently that excimers become to be formed. There,
Ow decreases while $~ increases with rise in tem-
perature, and $,-.takes a maximum value at -80 C. At
temperatures above -80 C, $^ decreases monotonously
accompanied by the increasing of $,. This shows that
the dissociation process of the excimer before its
emission becomes predominant. The logarithms of the
quantum yield ratio, $r/*M are plotted against the
reciprocal of the temperature in Fig. 3. From the slope
in the low temperature region, the activation energy,
E for the excimer formation rate constant, ko^ cana <＼
be estimated according to Eq. 2-10. From the slope
in the high temperature region, the enthalpy change
of the excimer formation, AH and the activation ener-
gy for the dissociation process of the excimer, E, can
be estimated according to Eq. 2-11. The values of E
a


















Fig. 2. Temperature dependence of the fluores-
cence quantum yields. Q : monomer fluo-
rescence yield, $M. £ : excimer fluo-
rescence yield, $,. Concentrations of
MNEt: (1) 5.8 x 10~2 mol/l, (2) 1.2 x















Fig. 3. The logarithm plot of the quantum yield
ratio, $^/$M against the reciprocal of
temperature. Concentrations of MNEt:
(1) 5-8 x 10"2 mol/l, (2) 1.2 x 10~1 mol
/I, (3) 2.0 x 10"1
45 -
mol/l.
to be: Ea=3.4 kcal/mol, AH=4.3 kcal/mol, and Ed=7.7
kcal/raol.
In order to determine the rate costants, time-
resolved measurement was carried out. Rise and Decay
curves of the excimer emission at various temperatures
were measured. The observed curves can be analyzed by
two exponential functions according to Eq. 2-30, and
the parameters, X.. and X? are determined. At the
temperatures above -50 C, the rise component, A? can
not be determined, since the excimers are formed with-
in much shorter time than the resolving time scale of
this experiments. The sums of X^ and X? are plotted
against the concentration of MNEt at various tempera-
tures in Fig. 4.. According to Eq. 2-4-2, the slope (a)
of each line in Fig. 4-gives the association rate
constant, k?1, and the extrapolated values (3) to the
concentration [m]=0, give the sums of other rate con-
stants except k^-i･
a = k21, 3 = kQ1 + k2, (1)
where k^kQg+k.^' The rate constant, kQ1 is obtained
by the measurement of lifetime (tm) for dilute solution
of MNEt. Then, the rate, k2 can be evaluated. On the
other hand, Eq. 2-9 indicates that the ratio, $n/$M
should be proportional to the concentration [m]. This
plots were shown in Fig, 5. The slope (y) in Fig 5
is given as follows
Y = kj2- ･ k21 / ( k^ ･ k2 )
The rate constants, kp.. and kp are already

















Fig, 4.. Concentration dependence of the
sums of A,,and Xp at various tem-
peratures: (1) -110 °C, (2) -100 °C,








Fie. 5. Concentration dependence of the
quantum yield ratio, $
temperatures: (1) -30






obtained from this slope. The value of this ratio is
found to be ca. 0.5, and it is independent of temper-
ature in the range of measurements. Assuming that the
f fratio of the radiative rate constants kn?/kni, main-
tains the constant value even in high temperature
region, k^ can be estimated from the slope y, in the
steady state measurement. It has been known that the
radiative rate constant is almost independent of
temperature, and the constancy is confirmed in the
measurements of lifetime and quantum yield in dilute
snI ut,ion on MN'Rt_
tm = (koi + kSi^"1= 1/kor *m = koi/kov (3)
then, k^.. = $w/Tw. The radiative rate constant, kfi1
is found to be 0.4-0 x 10 7 s-1 in the temperature
range of measurement. The rate constant kno, are ob-
7-1tained: 0.20 x 10 s . All of these values estimated
at various temperatures are listed in Table 1. It is
shown that the temperature dependence of $M and Tw of
the dilute solution of MNEt are due to the change of
radiationless transition rate, and the radiative tran-
sition rate, k^.. is independent of temperature. The
rate constants, k..? and k~ are plotted against the
reciprocal of the temperature in Fig. 6. The thermally
activated process in k~ is mainly the dissociation
rate, k1?. The lines in Fig. 6 give the temperature
dependence of the association and dissociation rate
constants, and their activation energies, E and E,
are given: E = 3.2 kcal/mol, E, = 7.7 kcal/mol.a ci
They are consistent with the value obtained by the
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Fig- 6. Arrhenius plots of k?1 and k~ for






























AH /kcal mol"1 - 4.5
AS /cal mol^deg"1 - 17
9.4. x 10" exp (-3200/RT) ,
12 = U.i, x 1015 exp (-7700/RT) .
From the ratio, k?1 /k12, the entropy change AS for
the excimer formation can be evaluated : AS = -17
cal/(mol deg). The results are summarized in Table
2.
52 -
3-3, 2. Photophysical Behavior of the Intramolecular
Exclraer
Absorption spectra for 1,3-DNPr are identical to
that for MNEt. Fluorescence spectra consist of two
emission bands, which are the same as the concentrated
solutions of MNEt. This shows that the excited elec-
tronic states of the naphthalene units of these samples
are very much alike. The quantum yields of the monomer
fluorescence and excimer fluorescence for the dilute
solution of 1,3-DNPr are shown in Fig. 7. The behavior
for changing the temperature from extremely low re-
gion are similar to that for the intermolecular
excimers. In this case, the excimer is not formed by
the interaction between different molecules, since the
concentration of 1,3-DNPr was about 1 x10~^ mol/l.
The naphthalene groups in the same molecule. As the
temperature increases, the intramolecular excimer is
formed efficiently and the monomer fluorescesce is
quenched. The remarkable change of $~ and $M with the
temperature is caused by the change of the internal
rotation of the part attached to chromophores. Since
the total quantum yields, $,-.+$,. diminish with the
excimer formation, the excitation energy dissipates
radiationlessly on the process pathing through the
excimer state.
The kinetic scheme for intramolecular excimers
are considered as shown in Fig. 8, which is the same
as that for the intermolecular one except for the rate
constant, k?1. This is a pseudo-first order rate
constant for the intramolecular excimers. If the
dissociation of the excimer and its quenching rates



















Fig. 7- Temperature dependence of the fluo-
rescence quantum yields. 3: monomer
fluorescence yield of the dilute solu-
tion of MNEt. O: monomer fluores-
cence yield of 1,3-DNPr- %: excimer
fluorescence yield of 1,3-DNPr. The
broken line represents the total





Fig. 8. Kinetic scheme of the energy
dissipation processes in the
intramolecular excimer system.
or independent of the temperature, the activation
energy for excimer formation can be obtained by the
photostationary measurements using Eq. 2-10. The
activation energy, E =4-.8 kcal/mol was obtained for
1,3-DNPr. This value is larger than that for the in-
termolecular excimer formation of MNEt, 3.4 kcal/mol,
and the value, 2.8 kcal/mol for 2-methylnaphthalene
The behavior in the high temperature region in
55 -
Fig. 7 are quite different between inter- and intra-
molecular excimers. In the case of 1,3-DNPr, the ^-p
curve has a maximum at a higher temperature than the
case of MNEt, ca. 10 C, and $, decreases monotonously.
In the case of MNEt, the intermolecular excimer is
formed efficiently in low temperature region, and the
$-p.becomes the maximum at -80 C, which is much lower
than that for 1,3-DNPr. Above this temperature, the
$M increases temporarily. These phenomena will be dis-
cussed on the basis of the rate constants.
The measurements of the quantum yields and decay
curves as a function of the concentration, were carri-
ed out for the determination of the rate constants of
the intermolecular excimer formation processes. But,
in the case of the intramolecular excimers, the rate
constants of excimer formation can not be determined
by the concentration dependence. However, in the
dilute solution, quantum yields are determined more
accurately than those for the concentrated solution,
since the effects of the depth of penetration of ex-
citation light and the reabsorption can be negligible.
From the rise and decay curves of the excimer emission
at various temperatures, X1 and A~ are obtained. As
mentioned previously, the rate constants, k^. and k~,.
f n(= kg^ + kg.j) are determined by the measurements of
the dilute solution of MNEt. According to Eq. 2-4.3,
the rate constant k~ is given by,
k2 = X1 ' X2 ' *M / k01 ' U)
From A.,, A~
as follows,
, and k2, the rate constant, k. is obtained
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k1 A1 + X2 ~ Kp , (5)
and k?1 is determined by Eq. 2-5. Equation 2-43 Js re-
written as follows for intramolecular excimers,
*D = k02 * k21 / U-,-A2 (6)
Then, kip is obtained. The relation of Eq. 2-4-1 is




X2 ~ k1 ' k2 " k21 * k12 (7)
In this equation, A.., Ap≫ k-i≫k^, and k21 are known





















































already. The last rate constant, kQ2 is derived ease-
ly from Eqs. 2-5 and 2-6. The results at various
temperatures are listed in Table 3. A marked tempera-
ture dependence in these rate constants in found only
for the association rate, kp^, and others show a little
change with temperature. The dissociation rate con-
stant k1? is found to be very small values in the
observed range of temperature. Then, the thermodynamic
properties, AH, AS, and E, concerned with this disso-







Fig. 9- Temperature dependence of the monomer
fluorescence lifetime. 3: MNEt, O :
1,3-DNPr-
58 -
not be obtained in the case of the intramolecular ex-
cimers. Since the dissociation rate is sufficiently
small, the decay curves of the monomer fluorescence,
I..(t) for 1,3-DNPr can be approximated by single expo-
nential function, exp(-t/Tw). The temperature depend-
ence of the Tw is shown in Fig. 9, and the value at a
temperature is consistent with the rise component, A?
of the excimer emission. Arrhenius plot of the rate
constant, k?1 gives the activation energy for the
intramolecular excimer formation process, E : 5.A kcal
a
/mol. Then, the rate is rewritten as follows,
ko1 = 2.3 x 1012 exp( -5400 / RT ) .
3-3r 3. Comparison of the Rate Constants for Inter-
and Intramolecular Excimers
On the process determining the rate constants for
the intramolecular excimers, the values of kn_. and kn^
for the dilute solution of MNEt, were used. This as-
sumption can be justified by the following experimental
facts. First, 1,5-dinaphthylpentane which shows no
excimer fluorescence, gives the same rate constants
as that for MNEt. Secondly, in the measurements at
low temperatures, the intramolecular excimer is hardly
observed, since the molecular motion are suppressed.
In such condition, the $., and Tw for 1,3-DNPr become
close to those for MNEt. This behavior can be expect-
ed in the Eq. 2-7, where $, is approximated by Icq^/Icq..,
if ko1 becomes sufficiently small. From these facts,
the rate constants, k≪^ and k^* for the dilute solution
of MNEt were used in the analysis of the intramolecu-
lar excimer formation. The radiative rate constant
fof the excimer state, ko~ ave obtained the same value
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both in the inter- and intramolecular excimers. This
indicates that the electronic states of the excimers
are much alike each other- The total quantum yield
diminishes with increasing the excimer formation as
shown lin Fig. 7, since the quantum efficiency of the
intramolecular excimer emission, kn?/kn? is smaller
than that of the excited monomer state, k^/k^,,.
The photophysical behavior of the intramolecular
excimer is characterized with the association and dis-
sociation rate constants. The intermolecular excimer
formation is governed by the mutual diffusion of the
naphthalene chromophores. The rate constant for the
association process k?1 should be given using the
Einstein-Sraoluchowski and Stokes-Einstein equations
for diffusion-controlled processes,
k21 = ( 8RT/3000n )(p a/b) (8)
where f|is the solvent viscosity, a is the interaction
radii, b is the Stokes1 radii of chromophore, and p
is the reaction probability per collision. For 2MTHF
solution at 0 °C, Eq. 8 yields a value of 1.0 x 10
l/(mol*s), if p≫a/b = 1. The observed value of k^-i
at 0 °Cis 0.25 x 1010 l/(mol-s). This shows that
p = 0.25 in Eq. 8, at 0 °C. The activation energy of
the association rate constant is predicted by the Eq.
8 as follows.
k21 ≪ exp ( -Wn / rt ) (9)
where Wn is the activation energy of the solvent vis-
cosity. For 2MTHF, Wn is reported to be 1.8 kcal/mol.5)
The observed value of E& is 3.2 kcal/mol. In the
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study of pyrene solution , ' the observed values were
consistent with the theoretical values in various sol-
vents. The difference between pyrene and naphthalene
derivatives may be attributed to the difference in
binding energy of the excimers: 10 kcal/mol for pyrene,
5 kcal/mol for naphthalene. These facts indicate that
the steric condition necessary for excimer formation
is more strict in the case of naphthalene chromophore
than in the case of pyrene chromophre.
It is interesting to compare the association rate
constants of 1,3-DNPr with those for intermolecular
excimer formation in MNEt. Since the k?1 for 1,3-DNPr
is a pseudo-first order rate constant, effective con-
centrations of naphthalene units of 1,3-DNPr can be
calculated by the relation, Ceff = k;^tra/ k^ter.
This effective concentrations at various temperatures,
are found between one hundredth and tenth of the ap-
parent concentration that is calculated by using equi-
librium distance between two naphthalene unit of 1,3-
DNPr in the ground state. This reflects that the
motion of naphthalene units is depressed by the meth-
lene chain. The activation energies of kp.. are inter-
preted in the same way. The activation energy for
MNEt was found to be 3.2 kcal/mol, which is smaller
than that of 1,3-DNPr. The larger activation energy
of intramolecular excimer formation indicates that the
methylene chain forces the molecule to take a higher
energy conformation in the excimer formation process
in which the conformational change is needed to take
parallel sandwich geometry from the stable ground state
conformation. The dissociation rate constant, k.~ for
1,3-DNPr is much smaller than that for MNEt. The
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temperature dependence above -80 °C for MNEt in Fig. 2
are attributed to the large dissociation rate of MNEt.
In the case of the intramolecular excimer, the disso-
ciaton process is depressed by the methylene chain
restriction. Hence, the $D's increase with increasing
temperature until much higher temperature range. The
differences of the k21 and k.p between 1,3-DNPr and
MNEt lead to the emission properties of $, and $p. as
shown in Figs. 2 and 7.
From these results, it is clear that the charac-
teristics of intramolecular exciraers exist in the
association and dissociation processes, which are
controlled by the internal ratotion of the methylene
chain. Then, it can be expected that the information
of the micro-Brownian motion of molecules is given by
the quantitative study of these rate constants of in-
tramolecular excimers.
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In the previous chapter, the characteristics of
the intramolecular excimers were discussed in com-
parison with the intermolecular excimers. The com-
pound, 1,3-DNPr was used as a typical compound which
corresponds the dimeric model of vinyl polymers.
The photophysical properties were interpreted by the
binding effect of the methylene chain whose internal
rotations control the excimer formation and dis-
sociation processes. The characteristics observed
for 1,3-DNPr are common to the compounds satisfying
the n=3 rule such as 1,3-diarylpropanes. ~ It is
due to the existence of the favorable conformations
for the formation of the stable excimers without any
appreciable instabilities of the methylene chains.
But, in general, almost all compounds having the
molecular structure except for n=3 do not show such
high efficient formation of stable excimers,
1,3)
and
in this view point, it can be said that the diaryl-
propane is one of the specific compounds forming the
intramolecular excimers.
The geometrical arrangement of interacting
chromophores in a given compound seems to be related
to the following two factors: (a) the binding ener-
gies in the excited state at various arrangements of
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two chromophores, and (b) the chain instabilities
at those conformations. The former problem (a),
has been studied theoretically and experimentally
by many workers. The binding energies calculated
by the semi-empirical molecular orbital theory pre-
dict various minima on the potential maps as a func-
tion of the distance and angles of aromatic planes.
"It has been said that the sandwich parallel
conformation is the most stable one and the distance
between aromatic rings is estimated to be 3-2 - 3.8
8. Experimentally, the investigations of this prob-
lem have been carried out by measuring absorption
and fluorescence properties of crystals of aromatic
compounds and various compounds in which two
12―18)
chromophores are fixed by a rigid link. ~ The
typical experiments for paracyclophane indicated
that the normal excimer emission are observed for
(UrU)-paracyclophane whose distance between the
aromatic planes is calculated to be 3.7 %.
The latter problem (b), has been discussed using
a number of experimental results for various dimeric
compounds. One of the well known results is the
Hirayama's n=3 rule which was confirmed with di-
phenyl- and triphenylalkanes. ' Thereafter, it has
been said that the n=3 rule holds for the other kind
of chromophores such as dinaphthylalkanes^ and di-
2 L)
carbazolylalkanes. '*' This shows that the parallel
sandwich arrangement is the stable excimer conforma-
tion and compounds other than n=3 can not achieve
the parallel conformation because of the instability
of the methylene chain. However, the intramolecular
excimer emission was observed for various a to-di-
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pyrenylalkanes, Py-(CH2)n-Py (n=2-22).19^ The re-
sults indicate that pyrene excimer has the large
binding energy enough to overcome the geometrical
disadvantages, together with the long enough life-
time to achieve the encounters of the terminal chromo-
phores.
The ability of the intramolecular excimer forma-
tion is thus based on the equlibrium between the
binding energy of chromophores and the instability
of backbone chain at the excimer conformation.
Then, the configurational requirements for the ex-
cimer formation are different in each chromophore,
although the compound, n=3 gives the most stable
intramolecular excimers.
In this chapter, requirements of molecular con-
figuration for excimer formation of naphthalene
chromophores are discussed on the basis of the photo-
physical properties of the various naphthalene de-
rivatives. First, the n-3 rule is examined for a,u>-
dinaphthylalkanes up to n=12. Corresponding di-
pyrenylalkanes having the same number of carbons
show the efficient excimer formation. Next, the
emission behavior of unstable excimers are reported.
The molecular structures are close to the sandwich
arrangement, but their axes of naphthalene units are
not parallel because of the structural restraint.
It is interesting to measure the photophysical proper-
ties of such compounds, because they seem to give
the information about the geometrical limits of fluo-
rescent excimer formation and the arrangement of
chromophores at the stable excimer state.
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4.-2. Experimental
Preparation of V,3-di(2-naphthyl)propane (1,3-
DNPr) was described in Chapter 3. 1-Ethylnaphtha-
lene (a-MNEt) and 2-ethylnaphthalene (B-MNEt) were
used as a monomeric compound without further purifi-
cation. The other samples were prepared by the
following methods.
1,5-Di(2-naphthyl)pentane (1,5-DNPe): the mix-
ture of 2-naphthaldehyde (0.1 mol) and acetone (0.05
mol) in ethanol (200 ml) was added to the ethanol
solution of sodium hydroxide (30 g). After stirring
at room temperature for an hour, the insoluble
yellow product was filtered and washed with water-
Then, the product was recrystallized from benzene-
chloroform, and gave yellow crystalline 1,5-di-
naphthyl-1 ,4.-pentadien-3-6ne: mp 24-1-24-3°C. This
was reduced with zinc dust in acetic acid using the
same procedure as that for 1,3-DNPr- The extracted
product was crystallized from ethanol and gave the
colorless crystalline 1,5-dinaphthyl-3-pentanone:
mp 126-127 °C;IR(KBr) 3050, 2950, 1685, 1600, 825,
735, and 4-70 cm"1. Found: C, 88.98; H, 6.50; 0,
4-.93?. Calcd for C25H22O: C, 88.72; H, 6.55; 0,
The ketone was reduced with hydrazine and sodium
hydroxide in triethylene glycol. The reaction mix-
ture was extracted with benzene and washed several
times. The residue was purified by chromato-
graphy on silica gel with benzene-hexane (1:9) as
eluent. The colorless crystal of 1,5-DNPe was
obtained by recrystallization from ethanol: mp 92-
93 °C; IR(KBr) 3050, 2950, 2850, 1600. 820, 740, and
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A80 cm"1; NMR(CS2 ) 6= 1 .3-1.9 (3H, m), 2.71 (2H, t,
J= 7Hz), and 7.1-7.7 (7H, m). Found: C, 92.53; H,
7-59$. Calcd for COCHO,:
<O <-4
C, 92.54; H, 7.46$.
1,7-Di(2-naphthyl)heptane (1,7-DNHp): The dry
ether solution of 1,5-dibromopentane (8g) was added
dropwise to the stirred magnesium (2.5 g) in dry
ether (25 ml). After refluxing for an hour, the
tetrahydrofuran solution (50 ml) of 2-naphthonitrile
(10 g) was added dropwise. The solution was refluxed
for 4-hours with removing the ether from the reaction
mixture. After cooling the mixture in an ice bath,
6 N hydrochloric acid (80 ml) was added, and the
solution was refluxed for 7 hours with removing the
tetrahydrofuran. The reaction mixture was extracted
with dichloromethane and washed with water. The
product was purified by column chromatography on
silica gel with dichloromethane and recrystallized
from ethanol. The colorless crystalline 1,5-di-
(2-naphthoyl)pentane was obtained: mp 119-120 °C;
IR(KBr) 3050, 2950, 1680, 1625, 810, 740, and 490
cm
The ketone was reduced by the same method as for
1,5-DNPe. The product was purified by column chro-
matography on silica gel and recrystallized from
methanol. The colorless crystalline 1,7-DNHp was
obtained: mp 78-79 °C; IR(KBr) 3050, 2930, 2850,
1600, 820, 740, and 480 cm"1; NMR(CS2) 6= 1.2-1.5
(3H, m), 1.5-1.8 (2H, m), 2.70 (2H, t, J= 7Hz), and
7.1-7.7 (7H, m). Found: C, 91.86; H, 8.00$. Calcd
for C2?H28; G, 91.99; H, 8.01$.
1,12-Di(2-naphthyl)dodecane (1,12-DNDd): This
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compound was prepared by the same method as that for
1,7-DNHp. 1,1O-Dibromodecane was used instead of
1,5-dibromopentane. The product was crystallized
from ethanol, and gave the colorless crystalline
1,12-DNDd: mp 93-94 °C; IR(KBr) 3050, 2910, 2850,




1.48 (8H, m), 1.4.8-1.84. (2H, m) , 2.70 (2H, t, J= 7Hz),
and 7.1-7-7 (7H, m) . Found: C, 90.4-8; H, 9.15$.
Calcd for C_OIL,Q: c, 90.94; H, 9.06$.
1-(1-naphthyl)-3-(2-naphthyl)propane (ag-DNPr):
An alkaline ethanol solution was added to the equi-
molar mixture of 1-naphthaldehyde and 2-acetonaph-
thone in ethanol, and the solution was stirred for
an hour- The product was reduced to a3-DNPr by the
same procedure as that for 1,3-DNPr. The final
product was recrystallized from hexane and gave the
colorless crystalline a$-DNPr: mp 61-62 °C; IR(KBr)
3050, 294-0, 1595, 1505, 820, 780, and 4-75 cm"1; NMR
(CS2) 6= 2.08 (1H, q, J= 8Hz), 2.70-3.U (2H, m), and
7.1-7.9 (7H, m). Found: C, 93.U; H, 6.78$. Calcd
for C23H2Q: C, 93.20, H, 6.80$.
Trans-1,2-di(2-naphthyl)cyclobutane (trans-DNCb)
and cis-1,2-di(2-naphthyl)cyclobutane (cis-DNCb)
were prepared by the photo-dimerization of 2-vinyl-
naphthalene. The benzene solution of 2-vinylnaph-
thalene (0.6 mol/1) was degassed in apyrex tube, and
irradiated by a high pressure mercury lamp for 20
hours. The products were fractionated by column
chromatography on silica gel with hexane-dichloro-
methane (7:1) as eluent. The detailed procedures
were referred to the literature. '




















Fig, 2. The structures of a3-DNPr,
trans-DNCb, and cis-DNCb.
(2H, m), 3.7-3.9 (1H, m), and 7.2-7.8 (7H, m).
cis-DNCb: mp 95-97 °C; NMR(CCl^) 6= 2.5-2.7 (2H,
m), A-1-A.3(1H, m), and 6.8-7.6 (7H, m).
Tetrahydrofuran (THF) and hexane were used as
solvents. THF was purified with the procedure de-
scribed in Chapter 2. Spectro-grade hexane was used
without further purification. All measurements were
carried out for the degassed solutions of samples,
and detailed method were mentioned in the previous
chapter. The molecular structures of the com-
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1. Photophysical Properties of a,oo-Dinaphthyl-
alkanes
The efficient intramolecular excimer formation
was observed for 1,3-DNPr which has the molecular
structure satisfying the n=3 rule. However, it has
not yet been clear that the rule holds in naphtha-
lene chromophore. It is necessary to investigate
the photophysical properties of the alkanes substi-
tuted with naphthyl groups which are the chromophore
mainly dealt with this thesis. The fluorescence
spectra of 1,5-DNPe, 1,7-DNHp, and 1,12-DNDd are
the same as that for 3-MNEt and show the monomer
fluorescence alone. The fluorescence intensities
are the same each other. The decay curves of these
compounds in THF at dilute concentration at 25 °C
are shown in Fig. 3. The lifetime of all samples
are found to be 54- - 57 ns, which agree each other
within the experimental error. Then, it seems to
have no interaction between the naphthalene chromo-
phores on a same molecule at the room temperature.
The fluorescence spectra are measured at tem-
peratures from -100 to 25 °C, and the quantum yields
are determined as shown in Fig. 4-≪ All samples show
no excimer emission at the whole temperature range.
There is no indication of the monomer fluorescence
quenching by the interaction between chromophores.
Chandross and Dempster reported the fluorescence











Fig. 3. Decay curves of a,a)-dinaphthyl-
alkanes in THF at 25 °C: (1) 0-



















Fig. 4.. Temperature dependence of the
quantum yields of a,w-dinaphthyl-
alkanes in THF: (1) 6-MNEt, (2)
1,5-DNPe, (3) 1,7-DNHp, U) 1,12-
DNDd.
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naphthyl)butane. The spectra of dinaphthylethane
shows no variation from that of 1-methylnaphthalene.
The fluorescence spectra of dinaphthylbutane indicate
a weak excimer formation only at low temperatures.
The fluorescence spectra of a.co-dipyrenylalkanes were
19)
measured by Zachariasse and Ktihnle, and showed the
intramolecular excimer emission except for n=7 and 8.
The excimer formation efficiencies recover again as
increasing n, and show almost constant value for the
compounds having the longer raethylene chains than
n=10. In the case of dinaphthlyalkanes, no appreci-
able excimer emission can be observed for the com-
pounds having smaller or larger value of n than n=7.
The enthalpy change of the intermolecular excimer
formation in THF were reported to be ca. 4-.5 kcal
/mol in the previous chapter. On the other hand,
the enthalpy for pyrene derivatives have been re-
21 )
ported to be ca. 10 kcal/mol, which is very
larger than that of naphthalene derivatives.
Furthermore, the lifetime of pyrene have been found
to be 250 ns, then the pyrene chromophores have many
encounter chances during their lifetime as compared
to the naphthalene chromophores.
Thus, the intramolecular excimer formation of
dinaphthylalkanes are in accordance with the n=3
rule. It is due to the small stabilization energy
of excimers and short lifetime of naphthalene chromo-
phore. These results indicate that there are strict
conditions for the excimer formation and the effi-
ciency seems to reflect sensitively the configura-
tion of the molecules and their rotational motions.
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4.-3. 2. Photophysical Properties of a3-DNPr
The parallel sandwich arrangement of chromo-
phores is not attainable in this compound. The
chromophores can take sandwich arrangements over-
lapping with various angles between corresponding
axes of two naphthalene chromophores. The fluores-
cence spectra in hexane at various temperatures are
shown in Fig. 5. The spectra show weak excimer
fluorescence only at low temperatures. The monomer
and excimer emission are separated with reference
to that of a-MNEt and 3-MNEt at the same tempera-
ture. The muximum wavelength of the excimer emission
appears at 370 - 380 nm which shifts to the blue
side of the normal excimer emission (4-00 nm) of 1,3-
DNPr. This result shows that in such unsymmetrical
compound, the naphthalene chromophores can not
approach the most stable arrangement and the bind-
ing energy is much less than that of the symmetrical
dimer. The quantum yields of a3-DNPr, a-MNEt, and
3-MNEt at various temperatures are shown in Fig. 6.
As increasing temperature, the intramolecular excimer
emission is observed and its intensity takes a maxi-
mum value at -60 °C, which is very lower than that
for 1,3-DNPr. At the temperature above -50 °C, the
excimer emission decreases monotonously. Correspond-
ing to this behavior, the monomer fluorescence in-
tensity of a|3-E)NPris quenched as increasing tem-
perature, and at the temperature, ca. -4-0 C, the
decrease of fluorescence intensity stops temporarily
with the dissociation of the excimers. At high tem-
peratures, the monomer fluorescence is quenched









Fig. 5- Fluorescence spectra of a6-DNPr in
hexane at various temperatures. Full
lines; (1) -80 °C, (2) 0 °C. Broken
lines;( ) fluorescence spectra at
-50 °C, ( -―) excimer emission











Fig. 6. Temperature dependence of the quantum
yields in hexane; #: a-MNEt, O:
3-MNEt, 3: monomer fluorescence of












Fig. 7. Logarithm plot of the quantum
yield ratio, $D/$M against 1/T
for a6-DNPr in hexane.
is no quenching process of excited chromophores, the
quantum yield of a3-DNPr should be the values between
the quantum yields of a-MNEt and 3-MNEt at a given
temperature, which is proportianal to a fraction of
the excited a- and 6-MNEt. Then, the decrease of $
M
at high temperatures indicates that the excitation
energy is thermally dissipated by the interaction of
chromophores.





Fig. 8. Arrangement of two naphthalene
chromophores of a|3-DNPr at the
most overlapped conformation.
of the quantum yield ratio, $,/$, are plotted against
the reciprocal of the temperature in Fig. 7. From
this slopes, apparent activation energy of intra-
molecular excimer formation process, E and enthalpy
change of the excimer formation, AH are estimated
as follows,
E = 2.0 kcal/mol,
2L
AH 2.1 kcal/mol.
These values are very small as compared with those
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for the symmetrical dimer, 1,3-DNPr- Although a
little twist of each bond angle of the methylene
chain gets the chromophores to take various sand-
wich arrangements, the most overlapped conformation
is achieved at the rotated angle of ca. 4-0 of
aromatic axes with keeping the sandwich arrangement,
as shown in Fig. 8. A theoretical calculation of
the interaction energy as a function of the rota-
tion angle predicts that the binding energy becomes
small at the angle about 4-0≫and the excimer state
7)turns to be an unstable one. It has been re-
ported that the compound, chiral [2,2](1,5)-naph-
thalenophane which takes a similar rotated arrange-
ment, shows the fluorescence spectra much alike to
17)the excimer1s. However, the result cannot be
applied to the spectra of aB-DNPr,. since the inter-
planar distance of the naphthlene chromophores is
held to be so short as compared with that of a$-
DNPr. Therefore, the small enthalpy gain of the
excimer formation indicates that the stable excimer
conformation is the parallel sandwich arrangement,
and that the unsymmetrical-dimer, aB-DNPr cannot
form the stable intramolecular excimer such as 1,3-
DNPr, owing to the configurational restriction of
the molecule. This restraint causes the enhance-
ment of the dissociation of excimers.
Figure 9 shows the molar extinction coeffi-
cients (e) of a-MNEt and B-MNEt in hexane at various
wavelengths. Since the solution of a3-DNPr consists
on the equal number of a and B isomers of naphtha-
lene, the fraction of the excited a and 6 chromo-



























a-MNEt ( ) and 6-















Fig. 10. Temperature dependence of the quantum
yields of ag-DNPr in THF; #: a-MNEt,
O: 8-MNEt, 3 : monomer fluorescence
of aB-DNPr, f): excimer fluorescence
of raR-DNPr.
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isomers with the change of the excitation wavelength.
However, the fluorescence spectra of the monomer
emission band is independent of the excitation wave-
length in the range of 260 -310 nm. This shows
that the excitation energy is exchanged rapidly be-
tween a and 3 chromophores and the fraction of the
excited states reaches the equilibrium distribution
before dissipating to the ground state as the mono-
mer fluorescence. The fraction is estimated by the
fluorescence spectra with reference to those of a-
and 3-MNEt, and found to be 0.34. at -20 °C and 0.24
at -80 C for a-chromophore.
The similar measurements are carried out in THF
solutions of aft-DNPr. Figure 10 shows the quantum
yields of the monomer and excimer fluorescence of
a3-DNPr and the monomer fluorescence of a-MNEt and
3-MNEt at various temperatures. The excimer emission
intensity is very weak in this solvent, and it ap-
pears in the tail of the monomer fluorescence band on
the spectra. This solvent effect seems to be due to
the solvation of chromophores, as mentioned in Chap.
8. The monomer fluorescence is quenched as the
increase of temperature, and this shows that the
excited chromophores interact with another ground
state one on the processes of excimer formation, but
almost all of them return to the monomer state or
lose the excitation energy due to the instability
of excimer state. The decay curves of monomer fluo-
rescence are observed as a simple exponential func-
tion, exp(-t/Tw), and the lifetime, tw is shown in
Fig. 11, together with those of a- and 3-MNEt. At









Fig. 11. Temperature dependence of the life-
times for the monomer emission of a3-
DNPr; #: a-MNEt, O: 3-MNEt, 3:
a8-DNPr.
ca. 80 ns, which can be reasonably estimated from
the partition of excited state between a- and 8-
naphthalenes as described above. Hence, at this
low temperature region, the interaction between
chromophores leading to radiationless transitions
are negligible, even though efficient energy mig-
ration between chromophores takes place. With
increasing temperature, the lifetime for ag-DNPr
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decreases more sharply than the corresponding mono-
raeric a- and 3-naphthalenes. This implies that the
energy migration between chromophores take place with
fairly long distance interaction, but the quenching
process is caused by the short distance interaction,
which is assisted by the rotational motion of
methylene chain, and occurs in the course of intra-
molecular excimer formation.
The results for the unsymmetrical compound, a3-
DNPr indicate the following facts: The binding
energy of the excimer is much less than that of 1,3-
DNPr. This shows that the symmetrical sandwich
arrangement of naphthyl groups is the stable excimer
conformation, which cannot be attained in this com-
pound because of its structural restriction. This
effect appears in the photophysical behavior as
quenching of the excited states and increasing of
the dissociation process at low temperatures. On
the other hand, the excitation energies are ex-
changed between a and 3 chromophores with suffi-
ciently rapid rate as compared with the lifetime of
chromophores, and the distribution equilibrium is
attained before emission. The migration of excita-
tion energies will become an important phenomenon
in order to interpret the excimer formation in
polymer systems.
4-3, 3- Photophysical Properties of trans- and cis-
DNCb
In the cis compound, the naphthalene rings face
to each other without deformation of the aromatic












Fig. 12. Fluorescence spectra of cis-DNCb in
hexane at various temperatures; (1)
-80 °C. (2) -50 °C. (3) -20 °C.
excimers because of the similar arrangement of
aromatic rings to the sandwich conformation.
Absorption spectra of cis-DNCb, trans-DNCb, and
3-MNEt are much alike each other, although a little
red shift of 2 nm is observed for both DNCb's. Such
red shift has been reported for the similar com-
pound, cis-1,2-diphenylcyclopentane. 12) The fluo-












Fig. 13. Fluorescence spectra of trans-DNCb in
hexane at various temperatures; (1)
-80
o
C, (2) -50 °C, (3) -20 °C.
at various temperatures are shown in Figs. 12 and 13.
There is no indication of the excimer formation for
trans-DNCb, but for cis-DNCb, the spectra show clear-
ly the broad excimer emission at 400 nm in the low
temperature range. The quantum yields of these sam-
ples are shown in Fig. 14. The fluorescence spectra
and its quantum yields of trans-DNCb are similar to
those of 3-MNEt, but the thermal quenching is observed










Fig. 14-* Temperature dependence of the quan-
tum yields in hexane; O : 3-MNEt,
A : trans-DNCb, A :total quantum
yield of cis-DNCb, (J :monomer fluo-
rescence quantum yield of cis-DNCb,
f): excimer fluorescence quantum
yield of cis-DNCb.
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fluorescence of trans-DNCb shows the same tendency
with increasing temperature as that of the quantum
yields as shown in Fig. 15. The lifetimes coincide
with those of g-MNEt at the whole temperatures except
for high temperatures. The fluorescence spectra of
cis-DNCb show the intramolecular excimer emission
at 400 ni, and their quantum yields become the larg-
est value at the extremely low temperature, -95 °Cf
which is the freezing point of the solvent. As
increasing temperature, $, decreases monotonously,
and 4>Mincreases slightly. Then, both of the monomer
and excimer fluorescence intensities decrease rapidly.
This shows that large conformational changes are
not necessary in this compound to form intramolecular
excimers, and the formation processes are very fast
even at low temperatures. But, the excimer state is
not stable as well as a3-DNPr, so the excimers go
back to the monomer state or dissipate radiation-
lessly to the ground state with increasing the tem-
perature. Since the rate of the non-radiative
process changes too markedly with temperatures, the
value of enthalpy change for the excimer formation
given by Eq. 2-11, may include large error- But,
the decay curves for excimer emission are the same
as those of monomer emission at temperatures above
-60 °C. This fact shows that the association and
dissociation rate constants are fairly large as com-
pared with the other rate constants. Therefore, the
enthalpy change for excimer formation process is
roughly estimated using the ordinary method, and
found to be 1.7 kcal/mol.










Fig. 15. Temperature dependence of the life-
times in hexane; O : 3-MNEt, ▲ :
trans-DNCb, A: cis-DNCb.
components are observed for transient curves of the
excimer emission. Moreover, there is no excimer
fluorescence in the spectra at 77 K. These facts
indicate that there are some conformational relaxa-
tion process of the molecule from the ground state
conformation to the excimer state one after excita-
tion of the chromophores. The relaxation process may
correspond, with the bending motion of the cyclobutane
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ring between puckered forms as shown in Fig. 16. 22)
Two naphthalene chromophores of cis-DNCb can take an
overlapped arrangement at the planar form of cyclo-
butane ring, which is attained in the course of the
bending motion. The planar conformation has said to
be a little higher energy state, ca. 1.k kcal/mol
than the puckered form, therefore the conformational
transition rate seems to be considerably fast. The
overlapped arrangement at the planar form of the
cyclobutane ring is not parallel sandwich arrange-
ment. Assuming the angle, R-C-H, to be 110°, the
planes of naphthalene rings face to each other with
the angle, ca. 50 , and the distance of aromatic
rings are estimated to be 2.8 8 and 6.7 8 for the
nearest and farthest aromatic carbon atoms, respec-
tively. The instability, of the excimer state is due
to this structural restriction which prevents the
nephthalene rings from the stable parallel conforma-
tion.
On the other hand, the compound, trans-DNCb
takes diaxial and diequatorial conformations as
shown in Fig, 16. But, this compound can not achieve
the overlapped arrangement of chromophores. Then,
the naphthalene groups have no appreciable inter-
action each other and behave like an isolated chromo-
phore such as 3-MNEt.
These results in the various dimeric compounds
indicate that there are strict conditions for the
intramolecular excimer formation of naphthalene
derivatives. The aromatic rings must take the paral-
lel sandwich arrangement spaced with appropriate



















cimer- The specifically efficient formation of the
stable excimer in 1,3-DNPr which satisfies the n=3
rule, is due to the easy attainment of this sandwich
conformation without any structural restrictions.
The other compounds having the molecular structure
except for n=3 can not form intramolecular excimers,
and behave like as isolated chromophores.
The compounds taking the conformation close to
an overlapped arrangement, but slightly different
from the parallel sandwich one, show the intra-
molecular excimer formation with low efficiencies,
and the formed excimers have much different proper-
ties from the stable excimers: small enthalpy gain
for the excimer formation process, large dissociation
rate of the excimers, and increase of non-radiative
dissipation rate from the excimer state. This strict
configurational requirement seems to be useful for
study of the conformation of molecules and their
rotational motions through the observation of the
intramolecular excimers.
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Intramolecular Excimer Formation in Model





Kinetic Studies on Intramolecular Excimer
Formation in Dinaphthylalkanes
5-1. Introduction
Excimer is an excited dimer existing only in the
excited state by the attractive interaction between an
excited chromophore and one in the ground state. It
turns unstable in the ground state due to the steric
hindrance between chromophores. The formation of in-
termolecular excimers is thus expected to be controlled
by the mutual diffusion of chromophores. Verification
of the diffusion controlled process has been carried
1 2)out mainly using pyrene molecule as a chromophore. '
For naphthalene chromophore, the diffusion controlled
process was studied in chapter 3, and it was shown
that the steric condition necessary for excimer for-
mation is more strict in the case of naphthalene
chromophore than in the case of pyrene chromophore.
The formation of intramolecular excimers is con-
sidered to be governed by the micro-structures of
molecules to which chromophores are attached. It
seems that there are two controlling factors for the
intramolecular excimer formation: (a) conformational
changes of the molecule which corresponds to the mutu-
al diffusion process in the case of intermolecular
excimer formation, and (b) the geometrical arrangement
of two chromophores in an excimer state which is
determined by the micro-structure of the molecule.
Concerning (b), Hirayama proposed the n=3 rule for the
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intramolecular excimer formation.^' The results indi-
cate that the most favorate arrangement of chromo-
phores is a symmetrical parrallel sandwich arrangement
which can be formed specifically in a compound having
a molecular structure in which two aromatic groups
along the alkane chain separated by three carbon
atoms. It was also shown in Chapter 4-≫that the
configurational requirements for intramolecular excimer
formation are strict in the naphthalene excimers and
they have fairly tight arrangements in the excited
state.
This chapter deals with (a), the relationship
between the micro-structures of molecules and their
rotational relaxation processes within the lifetime of
a chromophore. As mentioned above, the naphthalene
chromophore seems to have fairly strict arrangements
in the excimer state, its emission properties being
favorable for detection in spectroscopic analyses.
The photophysical characteristics are useful for in-
vestigating the rotational relaxation processes. In
order to clarify the problem (a), quantitative study
on various model compounds by the time-resolved fluo-
rescence method, is necessary. Advance in the time-
resolved technique for photoluminescence measurements
enables us to determine the rate constants of the




isfying the n=3 rule, are investigated under photo-
stationary and transient conditions. The individual
rate constant of photophysical processes is determined.
From the results, the relationship between the molecu-
lar structure and its conformational relaxation is
102 -
discussed. The compounds examined are regarded as the
dimeric model compounds of vinyl polymers. Their pho-
tophysical behavior provides useful information on the
intramolecular excimers in polymer systems.
5-2. Experimental
Materials. 1 ,3-Di(2-naphthyl)propane (1,3-DN
Pr) was synthesized by the procedure of Chandross and
Dempster.*' The other samples were prepared by as
follows.
1,3-Di(2-naphthyl)butane (1,3-DNBu): 1,3-Di(2-
naphthyl)-1-propanone, obtained as an intermediate
product in the synthesis of 1,3-DNPr, was reacted with
methylmagnesium iodide in ether solution. The oily
product was purified by a column chromatography on
silica gel. 2,4-Di(2-naphthyl)-2-butanol thus obtained
was reduced in acetic acid solution by addition of zinc
dust and hydrochloric acid. The product was chromoto-
graphed on silica gel with hexane-dichloromethane (4-J1)
* mp 65-66 °C; IR(KBr) 3050, 2950, 2930, 2850, 1630,
1600, 1510. 815, 740, and 475 cm"1 ; NMR(CS 2)
6= 1.35
(3H, d, J=6.5 Hz), 1.9O-2.16(2H, m), 2.52-2.96(3H, m)
and 7-06-7.7^(UH, m). Found: C, 92.69; H, 7.18%.
Calcd for C H22: C, 92.86; H, 7.USK.
1 ,3-Di(2-naphthyl)pentadecane (1,3-DNPd) and 1,3-
di(.2-naphthyl)-5-phenylpentane (1,3-DN-5-PhPe) were
synthesized by the same method as that for 1,3-DNBu,
1-bromododecane and 1-bromo-2-phenylethane being used
for 1,3-DNPd and 1 ,3-DN-5-PhPe, respectively, instead
of methyl iodide. 1,3-DNPd: IR(KBr) 3050, 2930, 2850,
1630, 1600, 1510, 815, 740, and 475 cm"1 ; NMR(CS 2> 6
= 0.75-0. 95(3H, m), 1.17(20H, s), 1 .54- 1･ 83 (2H, m),
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1-92-2.18(2H, m), 2.50-2.80(3H, m＼and 7.05-7.76(UH,
m). Found: C, 90.67: H, 9-82$. Calcd for C-^H.,: C,
90.46-; H, 9.54$. 1,3-DN-5-PhPe: IR(KBr) 3050, 2930,
2850, 1630, 1600, 1510, 815. 740, 695. and 475 cm"1
; NMR(CS2) 6= 1 .85-2 .22( 4H , in), 2 .30-2. 82( 5H, m), and
6.85-7.80(19H, m). Found: C, 92.87; H, 6.99$?; M+, 400.
Calcd for C31H28: C, 92.95; H, 7.05$; M, 400.
2,4-Di(2-naphthyl)pentane (2,4-DNPe): 1,3-Di(2-
naphthyl)-2-propen-1-one, obtained in the course of
the synthesis of 1,3-DNPr, was reacted with methyl-
magnesium iodide in the presence of a trace amount of
cuprous chloride, and the product was extracted with
benzene. After benzene had been removed, the residue
was recrystallized from carbon tetrachloride to give
colorless crystalline 1,3-di(2-naphthyl)-1-butanone
: mp 148-150 °C. The ketone was reacted again with
methylmagnesium iodide in either solution. The pro-
duct, 2 ,4-dinaphthyl-2-pentanol, was reduced by the
same method as that for 1,3-DNBu. The residual oil
was purified by a column chromatography on silica gel.
The oily product consists of meso and racemo isomers
(ca. 1:2). The isomers were separated by a recycle
gel permeation chromatography. After seventy cycles,
fractionated samples were used for measurements. The
purity of the isomers was found to be 85$ for both
isomers by the methyl proton resonance in NMR spectra.
Emission intensity was corrected by this proportion
of isomers. 2,4-DNPe: IR(KBr) 3050. 2950, 2920, 2860,
1630, 1600, 1505, 815, 740, and 475 cm"1; NMR(CS2) for
meso isomer, 5= 1.35(3H, d, J=7 Hz), 1.7-2.3(1H, m),
2.5-2.95(iH, m). and 7.16-7 -80(7H, m), NMR(CS2) for















Fig. 1. Molecular structures of dinaphthyl-
alkanes studied in this chapter.
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m), 2.42-2.85(iH, m) . and 7.18-7.80(7H, m). Found: C,
92.53; H,7.48$; M1, 324. Calcd for C25H : C* 92*5^;
H, 7.46$; M, 324-
Measurements. Photolurainescence measurements
were carried out for the degassed THF solutions, and
the detailed methods were mentioned in the previous
chapter.
5-3. Results and Discussion
5-3, 1. Photostationary Measurements
Structual formulas of dinaphthylakanes are sum-
marized in Fig. 1. The alignment of aromatic groups
favorable for intramolecular excimer formation can be
achieved when two adjacent aromatic groups are separat-
ed by three carbon atoms of alkane chain. Hence, ef-
fective intramolecular excimer formation can be expect-
ed in these compounds. Absorption spectra for these
samples are nearly the same and similar to those of 2-
ethylnaphthalene (MNEt) corresponding to the monomeric
unit. This indicates that there is no specific inter-
action between naphthyl groups in th ground state,
each chromophore behaving like an isolated naphthalene
unit. Figure 2 shows the fluorescence spectra of
three typical compounds at -20 °C. They consist of
two emission bands. The structured shorter wavelength
band and the broad longer wavelength band are assigned
to the monomer fluorescence and intramolecular excimer
fluorescence, respectively. Relative fluorescence
intensities of these bands differ considerably with
sample. Although the molecular structures of these
samples are very much alike as a common dimer unit,









Fig. 2. Fluorescence spectra of the solutions of
three typical compounds in THF at -20 C:
(1) 2,4-DNPe(rac), (2) 1,3-DNPr, (3) 2,4-
DNPe(meso).
This can be attributed to the conformational relaxation
processes after excitation of chromophores, from iden-
tity of the absorption and emission bands on the spectra
of these samples.
The ratios of quantum yield ($^) of excimer fluores-
cence to that of monomer fluorescence ($, for all
samples at various temperatures are given in Table 1 .
Figure 3 shows the temperature dependence of $M and $^
for three typical samples. Below -100 °C, fluorescence





















































































































































Fig. 3. Temperature dependence of quantum
yields, $M and $D. O : 2,4-DNPe(rac),
A : 1,3-DNPr, and #: 2,4--DNPe(meso) .
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of MNEt. There is no indecation of interaction between
the naphthalene groups in the excited state when the
molecular motion is suppressed. With rise in temper-
ature, the monomer fluorescence is quenched steadily
with increase in the excimer fluorescence. This shows
that intramolecular excimer formation is governed by
the conformational changes of the molecules. Some re-
marks are given concerning Table 1. (1) The compounds
having alkyl substituents at one side of the dimer unit
such as 1,3-DNBu, 1,3-DNPd, 1 ,3-DN-5-PhPe, show the same
efficiency of excimer formation, the efficiency being
independent of the kind of substituent. (2) 1,3-DNPr
shows lower efficiency than that of 1,3-DNBu. (3) The
highest efficiency of excimer formation is observed
for 2,4.-DNPe(meso) , but its isomer 2,4--DNPe(rac) gives
the lowest efficiency among the measured compounds.
The effect of molecular configuration for intramole-
cular excimer formation appears typically in these
isomers. This large difference in excimer formation
for 2,4-DNPe between (meso) and (rac) is similar to
the result of the steady state observation for di-
, , , 10)phenylpentanes.
The activation energy, E , for the excimer forma-
tion process can be obtained in the low temperature
region by the equation
V*M K exp(-E /RT) .
where K is a constant. The plots are shown in Fig. 4-･
In all samples except for 2,4-DNPe(rac), E was found
to be 4..8-5. 3 kcal/mol. 2 ,4-DNPe (rac ) gives a somewhat







































Fig. 4-･ Arrhenius plots of the ratio, $.,/$...
(1) 2,4-DNPe(rac), (2) 1,3-DNPr, and
(3) 2,4-DNPe(meso) .
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gy required for intermolecular excimer formation of
MNEt in THF was found to be 3.2-3.-4 kcal/mol.11 ' The
larger activation energies of intramolecular excimers
indicate methylene chain restriction in the conforma-
tional changes. Somewhat larger activation energy for
2,4-DNPe(rac) suggests that some other conformational
restraints in the excimer formation process are imposed
on this compound. Although the activation energies
for meso- and rac-diphenylpentanes were reported by






Fig, 5. Photophysical kinetic scheme of the
1 1 *energy dissipation processes. M, M ,
1 *
and. D represent the ground state of
monomer, the excited state of monomer, and







Fig; 6. Rise and decay curves of the intra-
molecular excimer fluorescence in THF at
25 °C. (1) 2,4-DNPe(rac), (2) 1,3-DNPr,
(3) 2,4.-DNPe(meso) . The broken line is
the excitation light pulse.
tively, no such large difference was found for the two
isomers of 2,A-DNPe in the present investigation.
5-3, 2. Kinetic Rate Constants
The scheme of photophysical kinetics including the
intramolecular excimer formation process is given in
Fig. 5. However, it is not clear which process causes
the difference in the efficiency of excimer formation
for these compounds. For the sake of clarification,
all the rate constants in the kinetic schems ahnnlrf he
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determined by the time-resolved measurements. Rise
and decay curves of excimer emission after excitation
by a pulse with a half-width of about 2.5 ns, are
shown in Fig. 6 for three typical samples at 25 C.
On the assumption that the actual lifetime of the mono-
mer emission in the absence of the excimer formation
process is equal to the lifetime of MNEt under the same
conditions, all the rate constants given in Fig. 5 can
be determined by analysis of the transient curves and
the quantum yields, $M and $,. The detailed procedures
were mentioned in Chapter 2.
The rate constant k?1 values measured at various
temperatures are given in Table 2, other rate constants
at 25 C for all the samples being summarized in Table
3. There is an appreciable difference in the pseudo-
1st order rate constant k~,. values of the association
process among these compounds, although little change
is seen in the other rate constants. It is apparent
that the marked increase of the excimer formation
efficiency observed in the steady state measurements
is due to the large values of the association rate
constant k?1.
The observed compounds seem to have the same geo-
metrical alignment of the naphthyl groups in the ex-
cimer state. We might conclude that the rate constant
kg2 dose not vary so much with sample. There is no
consederable change in the dissociation rate constant
k^≫ although somewhat a larger value is obtained for
2,4-DNPe(meso). The value of k12 for the intermolecu-











































































































































0.8 - 1 .2
2.6 - 0.8
and R are the Arrheius factor, the activa-
tion energy of the dissociation process, and the gas
constant, respectively. The values for A and E, were
15-1found to be j+.U x 10 s~ and 7.7 kcal/mol, respec-
tively. A much smaller value is obtained for k..
~ in
the case of the intramolecular excimer than in the
case of the intermolecular excimer. This is due to
the binding dffect of the methylene chain. The bind-
ing energy of the excimer state seems to be the same
in the compounds we studied because of a similar
molecular structure in the dimer unit. Therefore,
it is understandable that there is no appreciable
difference in the value of k
12
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The methyl group of
2,4--DNPe(rac) should be situated in an unstable gauche
position in the excimer conformation. However, the
unstable energy is too small to affect the dissociation
rate constant.
For the association rate constant k?1, the com-
pounds 1,3-DNBu, 1,3-DNPd, and 1,3-DN-5-PhPe show the
same value. This indicates that the association rates
are determined only by the configuration of the common
dimer units, and the conformations in the dimer units
are not much influenced by the substituent groups of
the 3-position for these model compounds. This indi-
cates that the rate of conformational relaxation in
the terminal dimer units is not strongly affected by
the increase of mass or chain length of these substi-
tuent groups. The effect of molecular weight on the
rotational relaxation times was reported, e.g., by the
12 13) 13measurement of fluorescence depolarization, ' C
N.MR,1^) and ESR.15^ The results indicate that the
relaxation time of molecular motions increases with
increasing molecular wight. However, no such changes
were observed in the case of intramolecular excimers.
The observed rate constants of excimer formation
reflect the local segment motions of the end group of
the molecule with respect to the molecular coordinate
system. It seems that tha molecular size of the alkane
chain such as pentadecane, is too small to cause
changes in the local segment motion and the local en-
vironment around the end groups.
5-3, 3. Excimer Formation Rate Constants and Rotational
Relaxation Processes
Large differences in the association rate
117 -
constants for 1,3-DNPr, 1,3-DNBu, 2,4.-DNPe(meso) and
(rac) are observed (Table 2). First, let us discuss
the results for 2,4-DNPe(rac) which gives the smallest
value of k?1. The rate of intramolecular excimer
formation is controlled by the internal rotational
motion of the molecule from the equilibrium conforma-
tion in the ground state to the excimer one. From the
1 6 18)analysis of NMR spectra, ~ we know that the pre-
ferred conformation for racemo dimers is situated at
tt, indicating a planar conformation for the alkane
chain. In order to reach the excimer conformation
from the tt conformation, it is necessary to carry out
an unfavorable conformational change, gig" with re-
spect to the naphthyl groups. This seems to be the cause of
small values of k?. and the somewhat larger value of
E for 2,4-DNPe (rac) . Secondly, there are considerablea
difference in 1,3-DNPr, 1,3-DNBu, and 2,4-DNPe(meso).
These differences are due to the equilibrium distribu-
tion of conformation at the ground state, whose dis-
tribution determines the initial positions of the
naphthalene chromophores immediately after their exci-
tation. Particularly, the population of the nighbor-
ing conformation to the excimer conformation seems to
play an important role in the excimer fomation rate
(Fig. 7). The results are interpreted as follows: In
1,3-DNPr where R^= R^= H, the planar conformation
with respect to the naphthyl groups (a) is most stable,
the fraction of the neighboring conformation such as
(b) not being large. In 1,3-DNBu where R^ = H and R2
= CH^, the neighboring conformation (b) becomes fa-
vorable owing to the steric hindrance of the methyl

















Fig. 7. Stable conformations of (a) 1,3-DNPr,
(b) 1,3-DNBu and 2,4-DNPe(meso), and
(c) the excimer conformation. Np:
2-naphthyl.
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conformational distribution seems to be predominantly
in the neighboring conformation (b). According to the
16-18)
analysis of NMR spectra for meso-diphenylpentane^
all other conformations have no appreciable fractions.
The observed k21 values of the three compounds increase
in this order. Thus, the association rate constants
reflect the population of the neighboring conformation
to the excimer state (c), and the rotational motion
from this neighboring one to the excimer state.
The compounds studied here can be regarded as
model compounds of poly(2-vinylnaphthalene) (PVN),
which shows efficient intramolecular excimer forma-
tion. ' 2,4.-DNPe(meso) is considered to be model
compound of the isotactic sequence in PVN, the large
value of k?1 indicating the important role of isotactic
sequence in the intramolecular excimer formation in
vinyl aromatic polymers.
In this chapter, photophysical rate constants are de-
termined for various dinaphthylalkanes satisfying the
n=3 rule, and it was found that the association rate
constants change markedly for each sample in spite of
the similar molecular structures in the common dimer
units. This indicates that the intramolecular excimer
formation is directly controlled by the rotational
relaxation processes of the molecules, particularly,
the relaxation processes from the neighboring confor-
mations to the excimer conformation. More detailed
discussion about the relationship between the relaxa-
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Conformation Analysis for Intramolecular
Excimer Formation in Dinaphthylalkanes
6-1. Introduction
Since intramolecular excimers have been observed
in various vinyl aromatic polymers and their model
compounds, it has been known that the efficiency of
excimer formation is greatly governed by their
molecular structures. Particularly, Hirayama,
Longworth,
1)
2^ Chandross,3^ and KlOpffer^' studied
configurational requirements for the intramolecular
excimer formation, and elucidated that the molecular
structure in which two aromatic groups are separated
with three carbon atoms of methylene chain is the
most favorable configuration for the intramolecular
excimer formation. Their results show that the
parallel sandwich arrangement of the aromatic groups
can be formed with propane chain, and that in the
other type of compounds with shorter or longer chains
than the propane chain, such as ethane, butane,
pentane, two aromatic groups cannot approach each
other, owing to conformational instability. This
selectivity for the excimer formation in diaryl-
alkanes is generally accepted as n=3 rule.
Considering the fact that the intramolecular
excimers are formed in conformational relaxation
processes after excitation of chromophores, this
phenomenon has to be explained by the equilibrium
conformations of the molecule and their internal
123 -
rotation processes. In fact, the different effi-
ciencies of the excimer formation even for the com-
pounds holding n=3 rule, were reported by Hira




Bokobza, ' recently. But in order to discuss the
process of the intramolecular excimer formation in
greater detail, quantitative data for the rate con-
stant of the formation processes are required.
In Chapter 5, a large difference in the effi-
ciency of the excimer formaion for the compounds
satisfying the n=3 rule was observed, and it was
shown by the time-resolved measurement that the
association rate constants vary with the micro-
7)structure of the molecules. In this chapter, the
configurational effect on the rate of intramolecular
excimer formation process will be studied. The
pathway of the internal rotation from the most
stable conformation to the excimer conformation, is
discussed on the basis of the calculations of con-
formation energies. The calculated results account
for the configurational effect on the excimer forma-
tion rates.
6-2. Procedures for the Calculation
In this study, calculation of conformation
energy was carried out for the following compounds:
1,3-di(2-naphthyl)propane (1,3-DNPr), 1,3-di(2-naph-
thyl)butane (1,3-DNBu), meso-2, 4-di (2-naphthyl) -
pentane (2, ^.-DNPe(meso) ), and racemo-2,4-di(2-naph-
thyl)pentane (2,4-DNPe(rac)).
The conformation energies of dinaphthylalkanes
8)were calculated with the following procedure:
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Potentioal energies due to the van der Waals inter-
action between nonbonded atoms and due to the intrinsic
torsional potential energies associated with the
rotation about the bonds are considered. For calcu-
lation of the van der Waals interaction, a potential
function of Lennard-Jones type is used as follows,
pij = Bij / (r
)12 - A / (r- )^
where P.. is the potential energy between the i-th
and j-th nonbonded atoms, r.. is the distance between
the i-th and j-th nondonded atoms, A
ij
and B. . are
suitable parameters. The potential function is
modified by considering the molecule-solvent inter-
9)action according to Flory et al. ' The total poten-
tial energy due to the van der Waals interaction is
calculated as the sum over all pairs of nonbonded
atoms. The intrinsic torsional potential energy for
skeletal alkane chain, E(<j>),is calculated for the
rotation angle, <J>,which is regarded to have a three
fold periodicity as follows,
where E
E(d>) = (EQ/2) (1 - cos 3d)),
is the torsional barrier energy, and taken
10)
to be 2.8 kcal/mol. ' The torsional energy for
the rotation of naphthalene units, 9., is neglected,
since the rotational potential has a sixfold perio-
dicity and the potential barrier is too small. The
total potential energy is given by the sum of the
potential energy due to the van der Waals interaction
and the intrinsic torsional potentials.
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Fig. 1. Structural parameters of 1-(2-naph-
thyl)propane (R=H) and 2-(2-naphthyl)-
butane (R=CHo). These parameters are
used for the calculation of the dimer
model compounds.
are shown in Fig. 1. We must consider four in-
dependent angles to generate a given conformation
of the dimers: two rotation angles, (t>-,and (frofor
chain skeleton and two rotation angles, 9. and 6^
for the naphthyl groups, which are denoted as shown
in Fig. 2. Angles are taken as 0°in the trans
conformation. The naphthalene substituents are










Fig. 2. Molecular formula at a tt conforma-
tion of dinaphthylalkanes: 1,3-DNPr
■(R.j=Hf R2 =H' R3 =H≫ R/"H^' 1'3-DNBu
(R.=H, RO=H, RQ=CHQ, R,=H), 2,^-DNPe
(meso) (R.=CHo, RO=H> RQ=CHQ, R,=H),
2,4--DNPe(rac) (R^H, R2 =CH3,
＼ H).
Rt-CHo,
tion of trans and gauche conformations, in order to
represent consistently the conformations of all
compounds used in this study. For example, the tt
conformation of rneso-dinaphthylpentane (2,4--DNPe
(meso)), which is situated at (((>..,<t>2)- (0°> 0°),
represents the conformation in which two naphthalene
units are extended at the ends of trimethylene chain
as shown in Fig. 2, and it does not mean the planar
zigzag conformation of the skeletal bonds.
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Conformation maps can be drawn as a function
of four angles, 6., <t>.., 4>2≫62- But, in order to
make the survey easier of the energy maps, they are
given as a function of skeletal bond rotations, 4>1
and 4>?. The other rotational angles, 8^ and 9? are
fixed on the angles giving a minimum energy at the
most stable position of $.. and (frp･ For some specific
region on the energy maps, conformation energy is
calculated as a function of all four angles, and the
minimum energy was adopted. With the rotation of
the skeletal angles, several stable conformations
appear on the confomational map. The fraction of
i-th conformation, f. is calculated assuming that
the distribution of conformations obeys the Boltz-
mann distribution including a weighting factor, W.,
f±= {W± exp(-Ei/RT)} / Z W± exp(-Ei/RT) ,
where E. is the minimized potential energy for i-th
conformation. The weighting factor is estimated by
the 2-dimensional local energy maps for the rota-
tion angles, (6.,, <t>..) and (6?, <l)p)≫where an angle
set is fixed at the values chosen to minimize the
energy, and the values of another set are varied.
The area surrounded by the contour of 500 cal/mol
higher than the energy of each minimum position is
measured in their local energy maps, and the weight-
ing factor is calculated by W. = w,. . x wo ., where
and w are proportional to calculated areas≪jk ■ u^iu n r＼ ･ ui w i^ x w k-*w j. uj.una j. uu waxouxa ucu cij. caw
on the local energy maps for (6.., <b* ) and (92' ^2^'
respectively, corresponding to i-th conformation.
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6-3. Conformation Energies of Dinaphthylalkanes
All rate constants in the photophysical kinetic
scheme were determined by the time-resolved measure-
7)
mon+.s. ' Thfi obtained rate constants for the com-
pounds used in this chapter are shown again in Table
1, and the association rate constant k?1, at various
temperatures and their activation energies E 1 are
a"
given in Table 2. As shown in these tables, all
rate constants except k?1 are the same for all the
compounds, but the excimer formation rate constant
k21, is much different for different compounds. In
order to discuss the relationship between the excimer
formation rate constants and the configuration of
the compounds, it is necessary to follow the path-
way of conformational changes on the potential energy
map for each compound.
The calculation is made at first for 1-(2-naph-
Table 1. Kinetic rate constants of photo-
physical processes except for the associa-

























































































































thyl)propane (R=H in Fig. 1) and 2-(2-naphthyl)-
butane (R=CH~ in Fig. 1) which are the model com-
pounds corresponding to the monomer units of di-
naphthylalkanes. Conformation energy maps for these
compounds are shown in Figs. 3 and A, where the
potential energies are calculated at intervals of
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Fig. 3. Conformation energy maps for 1-(2-naph-
thyl)propane. The energy minima are mark-
ed by + signs. The contour lines indicate
the 500 cal/mol higher energies than each
minimum. Numerals in the figure show the
potential energy at the minimum position
(kcal/mol)-
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propane, the potential minima are situated at (0,
<D) = (90°, 0°), (70°, -115°), and (110°, 115°). The
potential minima for 2-(2-naphthyl)butane, are found
to be at (6, *) = (60°, -15°), (60°, -115°), and
(110°, 125°)･ The stable conformations considerably
deviate from the trans or gauche positions owing to






-150 -120 -90 -30 0 30 90 120 150
0 (deg)
Fig. 4-≪ Conformation energy maps for 2-(2-naph-
thyl)butane. The energy minima are mark-
ed by + signs. The contour lines indicate
the 500 cal/mol higher energies than each
minimum. Numerals show the potential
energy at the minimum position (kcal/mol).
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The area surrounded by the contour for each energy
minimum significantly differs one from the other.
The areas for the trans conformations are larger
than that for gauche conformation; they are about
2.4. times and 1.2 times larger than the other poten-
tial minima in 1-(2-naphthyl)propane and 2-(2-naph-
thyl)butane, respectively. Therefore, it must be
reflected in calculation for the fraction of each





-150 -120 -90 -30 0 30 90
02 (deg)
120 150
Fig. $. Energy maps for 1,3-DNPr as a function
of 0p and cbp. where 6.. and <t>,,are fixed
at trans position (8^=90°, 4>..=0o).
Notations of the contour lines and
numerals are the same as Fig. 3-
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maps as' a function of 6~ and 4>?for the dimer com-
pounds were calculated, where the angles, 6.. and cK
are held to the values obtained by the calculation
for the monomeric model compounds. The local maps
for 1,3-DNPr are shown in Figs. 5 and 6. The
energy maps were calculated once more, changing the
rotation angle set to 9,. and <b ,^ holding 8? and §~
to the minimum positions obtained on the previous









-150 -120 -90 -30 0 30 90 120 150
02 (deg)
Fig. 6. Energy maps for 1,3-DNPr as a function
of 6p and $0' wnere ^-iand ^-iare fixed
at gauche position (8 =70°, ^=-115°).
Notations of the contour lines and
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mum position in consistent with that obtained on the
previous map. For each stable conformation, angles,
minimized potential energy, weighting factor, and
fraction of the conformation at 25 C are listed in
Tables 3, A, and 5-
For 1,3-DNPr, conformation energy map as a
function of skeletal bond rotations, 4)^and d^* is
shown in Fig. 7, where the angles, Q^ and 6^ are
fixed at 6^90° and 92 =90°. In this figure, a mini-
mum position ( tt ) is marked by +, and the excimer
conformations ( g g~ or g~g ) are represented by #.
The most stable conformation is situated at tt, and
is surrounded by four equivalent tg conformations.
The potential energy of tg conformation is ca. 500
cal/mol larger than that of tt. The minimized energy
by the rotation of all angles at the important region
of Fig. 7 are calculated. The result indicates that
the barrier energies corresponding to the transitions
of tt - tg and tt - g g~ (tt - g~g ), are about 3.6
kcal/mol and 7 kcal/mol, respectively. These poten-
tial energies mainly result from the intrinsic
torsional energies.
For 1,3-DNBu, conformation energy map is shown
in Fig. 8. The fixed angles, Q^ and 02 are chosen
to be 0^90°, 92=120° for 1- and 3-naphthyl substi-
tuents, respectively, according to the result obtain-
ed by the local potential maps. The most stable
conformation is found at tg+, and metastable confoma-
tions appear at tt, g~t, and g+g+. The barrier
energy corresponding to the transition of tt - tg+











Fig. 7. Conformation energy map for 1,3-DNPr
as a function of $.. and <t>2- The rotation
angles of naphthalene units, 6^ and 8~
are fixed at 0^ =02=9O°- The most stable
position and the excimer conformations
are marked by + and #, respectively.
Full lines indicate the 2 kcal/mol higher
energy than the minimum. Dotted lines
indicate the 4.kcal/mol higher energy than
the mini mum.
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For 2,4--DNPe, conformation energy maps are
shown in Fig. 9 for meso isomer and Fig. 10 for
racerao isomer. In these compounds, most of the
conformations are unstable due to the steric hin-
drance of methyl substituents. Only two conforma-
tions are allowed: tg and g t conformations for
meso isomer, tt and g g conformations for racemo
isomer. In Fig. 9> the third potential minimum is
observed beside the excimer conformation, g~g ,
but its fraction is so small that it can be neg-
lected as shown in Table 5.
6-4-. Pathway of Conforraational Changes and Excimer
Formation Processes
In the ground state, the excimer conformation
marked by ･ , is one of the unstable conformations
by the steric hindrance of naphthalene units.
However, in the excited state, this conformation can
be stabilized by the electronic interactions between
two naphthalene groups. The enthalpy change due to
excimer formation is found to be ca. 4-5 kcal/mol
for the intermolecular excimer formation in THF.
This electronic interaction acts mainly in the paral-
lel alignment of two naphthalene units, and the
investigations on various dinaphthylalkanes have
demonstrated the strict geometrical requirements for
the interaction of chromophores. The initial
distribution of the molecular conformations at the
instance of photo-excitation is the same as that
in the ground state, and conformational relaxation
to the excimer state occurs from the initial dis-
tribution. When the molecular motion is frozen in
- HO -
the low temperature region, there is no indication
of specific interaction between naphthalene units
both in the ground state and excited state for the
compounds studied in this chapter. Hence, the re-
laxation processes are considered hereinafter
assuming that there is no excimer interaction be-
tween two naphthalene units except in the excimer
conformation.
For 1,3-DNPr, conformation energy map shows
that the tt position is the minimum conformation
where the naphthalene units are furthest apart from
each other- Two excimer conformations, g g~ (g~g )
are equivalent in this compounds. As for the path-
way to the excimer conformations, the direct con-
formational changes from tt to g g (g~g )≫which
require a co-operative motion of two rotation
angles, <(>-,and <j)p,are unfavorable, since such
transitions need to overcome the barrier, ca. 7 kcal
/mol. This barrier comes from the intrinsic tor-
sional potential. This calculated energy for the
rotational barrier of the co-operative motion is
higher than the activation energy, ca. 5 kcal/mol
observed experimentally for the association rate con-
stant, k?. In order to reach the exciraer conforms-
tions, it is necessary to pass through the tg con-
formations which are neighboring both the stable tt
and the excimer conformations. For the fraction of
tg, a fairly large value is obtained: O.4.. The
barrier energy for the conformational change from
tt to tg is found to be 3.6 kcal/mol, and this value
is sufficiently smaller than the activation energy








Fig. 8. Conformation energy map for 1,3-DITBu
as a function of <{>..and tb^- The rotation
angles of naphthalene units, Q*,and 62
are fixed at 9^=90°, 02=12O°. The most
stable position and the exoimer conforma-
tions are marked by + and # , respective-
ly. Full lines indicate the 2 kcal/mol
higher energy than the minimum. Dotted
lines are the 4.kcal/mol higher energy
+.Vian+.Vi<=minimiim
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conformations under the equilibrium, tt ■*tg, con-
tributes to the intramolecular excimer formation
in 1,3-DNPr, since the tg conformation can be con-
sidered as a precursory ccmformation of the intra-
molecular excimer.
For 1,3-D5"Bu, the energy map indicates that the
most stable conformation, is tg which corresponds to
the planar conformation of skeletal chain. The
minimized energy for the tt conformation is 300 cal
/mol higher than that of lowest conformation, and
the barrier energy for the transition from the tt
conformation to the excimer state is the same as
that of 1,3-DNPr. The fractions of the conformations
except for tg , tt, are negligibly small owing to
the steric hindrance of methyl substituent. In this
compound, two excimer conformations, g g~ and g~g
are not equivalent. The g g conformation which lies
to the upper left-hand corner in Pig. 8, is un-
suitable for the excimer site, since there is no
available conformation adjacent to the excimer con-
formation. The intramolecular excimers in 1,3-DNBu,
therefore, are formed at the g~g conformation.
The sum of fractions for tg and. g~t which are
neighboring the excimer site, are found to be 0.6.
This predicts a larger association rate constant for
1,3-DNBu than that for 1,3-DNPr.
For 2,4.-DNPe(meso), the calculation shows three
potential minima, tg of lowest energy, its mirror
image g~t, and g~g which corresponds to the trans
conformation of the methyl groups. All other con-
formations cannot have appreciable fractions. The











Fig. 9. Conformation energy map for 2,4--DNPe
(meso). The rotation angles of naph-
thalene units, 0 -jand 62 are fixed at
e
..=-120°, 89 = -120°. The most stable
position and the excimer conformations
are marked by + and ･ , respectively.
Notations of lines are the same as
Via 7.
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g~t forms, which are available conformations adja-
cent to the excimer one, g g . There is a little
fraction for the excimer conformation, g~g in the
ground state. This rotational isomer was found in
the calculations for meso-diphenylpentane and its
derivatives. 11,12) The fraction of this g~g' con-
formation has been reported to be a few percent by
NMR spectroscopy-
13)
In this calculation, it was
estimated to be 1 - 2% at 25 °C. If appreciable
fraction of 2,4-DNPe(meso) takes this conformation,
a fast rising component of almost no time-lag from
excitation pulse should be observed in the time-
resolved excimer fluorescence measurement. However,
such indication cannot be observed at the present
measurement. Efficient intramolecular excimer forma-
tion can be expected for 2,4--DNPe(meso) , since the
large part of molecules take the adjacent conforma-
tions to the excimer state, g g . Another excimer
conformation, g g~ can be ignored, because it has
no available conformation in the neighboring posi-
tions, moreover, there is a steric hindrance be-
tween two methyl substituents at this excimer state.
The calculation for the three compounds, 1,3-
DNPr, 1,3-DNBu, and 2, 4.-DNPe(meso) indicates that
the intramolecular excimers are formed by the
internal rotation, t -*■g, from the tg and g~t forms.
Since the activation energies for excimer formation
processes are observed to be almost the same as each
other, the difference between the rate constants of
the excimer formation is due to the frequency factors
of their rates. These factors should be proportional










Fig. 10. Conformation energy map for 2,4-DNPe
(rac). The rotation angles of naph-
thalene units, 91 and 0? are fixed at
6^-60°, 82=120°. The most stable
position and the excimer conformations
are marked by + and # , respectively.
Notations of lines are the same as
Ficr. 7.
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and g~t, if the intramolecular excimers are formed
by the same rotational mode. Calculated fractions
increase in the order, 1,3-DNPr, 1,3-DNBu, and 2,4-
DNPe(meso). This is consistent with the result of
the association rate constants determined experi-
mentally. For 2,4-DNPe(meso), somewhat larger values
than that expected by the calculation are obtained
in the experiments. This fact may come from the
existence of the metastable g g conformation in the
ground state, which lowers slightly the activation
energy for the association process.
For 2,4-DNPe(rac), the situation is different
from that described above. Calculations reveal the
g g form of the lowest energy which corresponds to
the planar trans conformation of the skeletal chain,
and which is neighboring the excimer conformation.
However, the internal rotations, gg "*"g g (gg "*"
g~g ), are required for the excimer formation, which
are a different type of rotations from that of other
three compounds. It is known that the barrier to
the interconversion of gauche forms, g - g (g -
g ) is higher than that between t and g forms, and
the barrier energy has been reported to be about
6.5 kcal/mol. *' Furthermore, the direction of an
approach to the sandwich alignment of two naphtha-
lene units is restricted to a slide of the aromatic
plane holding the parallel arrangement. On the route
to the excimer state, it is also possible to take
the tg (g t) conformations which are unstable con-
formations with the steric hindrance, and imposed
the energy, 3-4 kcal/mol. 3; This conformational
energy is smaller than the activation energy of
U7 -
excimer formation process. In this respect, the
excimers are formed by a t + g transition. But,
when viewed from the side of methyl substituents,
the t -≫■g transition for the naphthalene units turns
to a g
groups.
"*"S~ (g~ ■*§ ) transition for the methyl
In either case of rotation for 2,4-DNPe(rac)
it is necessary to carry out the interconversion
g+ ->-g~ (g~ -≫-g ) to reach the excimer conformation.
The small value of the association rate constant and
somewhat larger activation energy obtained for this
compound is not due to the fraction of the adjacent
conformation but due to the different transition
mode of the internal rotation.
Since the calculation includes no interaction
between naphthalene units in the excited monomer
state, the relationship between the activation
energy of the excimer formation process and the
conformation energy near to the excimer conformation,
is not clear. However, the rate of intramolecular
excimer formation can be interpreted reasonably
by this conformation analysis. Observed rate con-^
stants and the results of calculations indicate
that the intramolecular excimers are mainly formed
by the internal rotation, t -*■g, and the fraction of
the tg state which is the adjacent conformation to
the excimer one, serves as an effective concentra-
tion in the intramolecular reaction. Figures 11,
12, and 13 are schematic figures of favorable con-
formational changes and excimer formation processes







Fig. 11. Schematic diagram of favorable con-
formational changes in 1,3-DNPr- The
sign, * shows the excimer formation







Fig. 12. Schematic diagram of favorable con-
formational changes in 1,3-DNBu. The
sign, * shows the excimer formation






Fig. 13. Schematic diagram of favorable con-
formational changes in 2,4,-DNPe(meso)
The sign, * shows the excimer forma-
tion process which is efficient
in the excited state.
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in Trimer Model Compounds
7-1. Introduction
The mechanism of intramolecular excimer forma-
tion has been clarified by the study of various dimer
model compounds using the time-resolved technique.
Generally, the formation process is controlled by a
conformational relaxation of the skeletal chain, that
is, internal rotation from the equilibrium conforma-
tion to the excimer conformation after excitation of
the chromophore. This implies that these phenomena
provide significant information regarding the micro-
structure of molecules and their relaxation processes.
On the other hand, various vinyl aromatic poly-
mers such as polystyrene, poly(vinylnaphthalene),
show efficient intramolecular excimer formation under
various conditions. A number of investigations
have been reported on the phenomena of excimer forma-
tion in polymers. However, the detailed mechanism is
not yet to be clarified, owing to the complexity of
polymer systems. Quantitative studies of various
compounds designed to have simple but similar molecu-
lar structures to the dimeric unit of polymer chains,
are useful to elucidate the micro-structural factors
on the excimer formation processes in polymers.
In comparing the polymer systems with the model
dimeric compounds, it should be noted that the micro
153 -
environments of an excited chromophore are markedly-
different in these two systems. In polymers, an
excited chromophore is surrounded with the same
kind of chromophores in the ground state. Therefore,
additional photophysical processes, e.g., energy-
migration among chromophores, excimer formation be-
tween non-adjacent chromophores, seem to be intro-
duced to the kinetic scheme. From this view point,
it is interesting to observe the photophysical
behavior of the trimer model compound, because its
simple molecular structure enables discussion of
the relaxation processes quantitatively, and it can
be regarded as one of the smallest molecules having
the characteristic photophysical process of polymers.
In this chapter, photoluminescence properties
of three trimer model compounds are reported.
Through the analysis of these model compounds, it
becomes possible to clarify the individual inter-
actions of each pair of chromophores in the trimer
medel compounds. On the basis of quantitative rate
constants from the time-resolved measurements, the
relaxation processes of the excitation energy are
discussed. It seems that their photophysical
behavior provides some useful information for the
intramolecular excimers in polymer systems.
7-2. Experimental
Preparation of 1,3-DNPr and 1;5-DNPe was de-
scribed in Chapter 3 and Chapter 4-≫respectively.
The compound, 1,3-di(2-naphthyl)-5-phenylpentane,
which was used in Chapter 5, is abbreviated as
NNS in this chapter. The other samples were pre-
- 15/ -
pared by the following methods.
1,5-Di(2-naphthyl)-3-phenylpentane (NSN): 1,5-
Di(2-naphthyl)-3-pentanone which was obtained in the
process of the synthesis of 1,5-DNPe, was reacted
with phenylmagnesium bromide in ether solution. The
oily product was recrystallized from cyclohexane to
give the colorless crystalline 1,5-di(2-naphthyl)-
3-phenylpentane-3-ol: mp 120 - 121 °C. The pentanol
thus obtained was reduced in acetic acid solution
CH2-CH2-CH-CH2-CH2
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Fig. 1. Molecular structures of trimer
model compounds used in this chapter.
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by addition of zinc dust and hydrochloric acid.
The reaction mixture was extracted with benzene.
The product was purified by a column chromatography
on silica gel with hexane-dichloromethane (4-:1) as
eluent: IR(KBr) 3050, 29-40, 1630, 1600, 1510, 820,
740, 700, and 475 cm"1. Found: C, 92.85; H, 6.91$;
M+ , 4.00. Calcd for C^H^: C, 92.95; H, 7.05$; M,
400.
1,3,5-Tri(2-naphthyl)pentane (NNN) was synthe-
sized by the same method as that used for NSN. 2-
Bromonaphthalene was used instead of broraobenzene.
After the purification by column chromatography on
silica gel, the colorless oily product was obtained:
IR(KBr) 3050, 2940, 1630, 1600, 1500, 815, 7-40, and
475 cm"1; NMR(CS2) 6 = 1.95-2.30 UH, m) , 2.46-
2.90 (5H, m), and 7.0 - 7.8 (21H, m). Found: C,
93.49; H, 6.99/o; M+, 450. Calcd for Cq(_Hqn: C,
'; J l ys id.^u uh ;, ^ 0
in).
- ^H^:
93.29; H, 6.71%; M, 450.
The molecular fomula of the trimer model com-
pounds were shown in Fig. 1. Photoluminescence
measurements were carried out for the degassed THF
solutions. Detailed methods were described in the
previous chapters.
7-3. Results
7-3, 1. Photophysical Behavior
Photophysical properties of three trimer model
compounds, NSN, NNS, and NNN are observed. The
singlet excited state of the phenyl chromophore lies
at considerably higher energy level than that of the
naphthalene chromophore. Because of the excitation













Fig. 2. Fluorescence spectra in THF at -20 °C
Full line: (1) 1,3-DNPr, (2) NNS, and
(3) NNN. Broken line: NSN.
the phenyl chromophore is photophysically inert, al-
though the phenyl group affects the molecular con-
formation as the naphthalene units. Absorption
spectra of these trimers are essentially identical.
Fluorescence spectra at - 20 °C are shown in Fig. 2,
together with the dimeric m.odel compound, 1,3-DNPr.
There is no emission of intramolecular excimers in


















Fig. 3. Temperature dependence of the quantum
yields in THF. ･ : NNN, O: NNS, A :
NSN, and A : 1,3-DNPr- Full lines are
the quantum yields of the monomer fluo-
rescence and broken lines are the quantum




Fig. 4- Temperature dependence of the quantum
yield ratio, $ /$ # : NNN, O :
MS, and ▲ : 1.3-DNPr.
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rule. But, for NNS and NNN, efficient intramolecular
excimer formation are observed. The monomer and ex-
cimer fluorescence bands of the trimers are the same
as those of the dimer model compound. The tempera-
ture dependence of the quantum yields for the mono-
mer and excimer fluorescence are shown in Fig. 3.
NSN shows no indication of the excimer formation in







Table 1. Intramolecular excimer formation
rate constants and their activa-
tion energies
Temp. (°C) k21 x 10"7 (s"1 )































DNPe, and the quantum yield of the monomer fluo-
rescence and lifetime agree with those of MNEt.
Hence, it can be concluded that there is no inter-
action between two naphthalene chromophores at the
end of trimer model compound. The ratios of the
excimer fluorescence quantum yield ($,) to the
monomer fluorescence quantum yield ($M) of NNS, NNN,
and 1,3-DNPr at various temperatures are shown in
Fig. 4-. NNS and NNN show similar temperature de-
pendence to 1,3-DNPr- As mentioned in Chapter 5, the
intramolecular excimer in NNS is formed more effi-
_ 1 An _
ciently than 1,3-DNPr, and its efficiency is almost
identical with 1,3-DNBu, because of the configura-
tional effect of the equilibrium conformations.
Furthermore, NNN shows higher efficiency of excimer
formation than NNS, although the equilibrium con-
formations seems to be little affected by the change
of the molecular structure from S to N at one end
of the trimer model compound.
In order to clarify the fluorescence behavior,
the individual rate constants in the photophysical
kinetic scheme are determined by the measurements of
the rise and decay curves for the excimer fluores-
cence. The differences in the rate constants for
NNS and NNN are mainly in the association rate con-
stant, kp,, and the values are listed in Table 1,
together with those of 1,3-DNPr. The rates k?1 for
NNN are 1 .4. - 1.6 times larger than those for NNS.
Other rate constants for both NNS and NNN are quite
similar, although a little difference is found in
the dissociation rate, k.^ in high temperatures.
The logarithms of kp^ against the reciprocal of
temperature are plotted in Fig. 5. The activation
energies for the excimer formation process are given
as the slopes and are found to be almost the same
value, 5.1 - 5-4 kcal/mol.
7-3, 2. Conformation Analysis
Conformation energies of the trimer model com-
pounds are calculated. The pathway from the stable
conformation to the excimer conformation after
excitation of a chromophore is estimated from the













Fig. 5. Arrhenius plot of the association
rate constant, k?1. # : NNN,
O : NNS, and A : 1,3-DNPr.
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dimers described in Chapter 6. But, for the trimers,
there are some difficulties in calculating their
energies in addition to the procedure for dimers.
We must consider seven independent rotational angles
to generate a given conformation of a trimer: four
rotational angles, (J),^ (J)o,4)Q, and <$>.for the skele-
tal chain and three rotational angles, 9., 9^, and
8- for the aromatic groups, which are denoted in
hi H H H
V-/~^> <^r^A. ^r^
H H H R2 H H
Ri
3-PhPe H
N S N Naph
N N S Naph













Fig. 6. Structural parameters of triraer
model compounds.
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Fig. 6. The angles, $. are taken as 0°in the trans
conformation. The angles for terminal aromatic
groups, 01 and 6^ are taken as 0 when the carbon
atoms, C
or R,,
or C, lie in the aromatic planes of FL
4 i
respectively. The angle, 0? is taken as 0 ,
when the hydrogen atom attached to C^ lies in the
aromatic plane of R?. Even if the rotational angles,
9. for the aromatic groups are eliminated from
consideration, a large number of conformations seem
to take minimum energies as a function of <t>.: 3 =
81. Furthermore, the stable rotation angle, 8^ for
the middle aromatic group, Rp and the breadth of the
potential map around the minimum position, must be
estimated, although they relate closely to the con-
formation of either side of the skeletal chain.
To begin with, calculation was carried out
for 3-phenylpentane (3-PhPe), in which three rota-
tion angles, <J>2,tin, and 6- are considered.
Figure 7 shows conformation energy maps as a func-
tion of d)pand 6?, when another angle <)).-.is fixed
at the minimum position, and Table 2 gives the most
stable angles, minimum energies and the areas
surrounded by the contour of 500 cal/mol higher
than the energy of each minimum position. Some
important features of these figure and table are
noted: (1) Only three conformations are stable in
3-phenylpentane. Other conformations can be ig-
nored because of the high potential energies and
small areas on the energy maps around each minimum
position. This result reduces the number of con-
formations to be taken into consideration. (2)




















































































































stable conformations are consistent with the
results for the monomeric model compounds, 2-naph-
thylbutane which were described in Chapter 6. This
means that the stable conformations of the right
hand part of the molecule are little affected by
those of the left hand part. So, these trimer model
comnounds mav be treated as two dimer molecules
connected at the carbon atom, C^. (3) In the stable
conformations, the angle, 0^ is found in the range
of ± 5°, and the areas for each minimum are almost
the same. Then, the rotational angle, 0~ and the
weighting factor for the middle aromatic group are
eliminated from the following consideration.
The minimum position and weighting factor for
corresponding dimeric model compounds, 1-(2-naph-
166 -
Table 3･ Stable conformations and their














































n: number of equivalent conformations.
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thyl)-3-phenylbutane and 1,3-di(2-naphthyl)butane
are calculated. The data for 1,3-DNBu were al-
ready shown in Chapter 6. Using the results for
the dimer model compounds and Table 2, stable con-
formations and their energies and fractions for
NNS and NNN are obtained, and the results are given
167
tttt
Fig. 8. Stable conformations of the trimer
mnrlpi fnmnniirirl. MSN.
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in Table 3 together with 1,5-DNPe. Two conforma-





-4, 1 . Decay Process of the Naphthyl Groups in NSN
The emission behavior of 1,3≫5-triphenylpentane
was reported by Hirayama and the mechanism of the
excimer formation was discussed. He also observed
the lack of excimer formation in 1,5-diphenylpentane,
but he did not deny the possibility of excimer forma-
tion between two phenyl groups attached to the termi-
nal carbon atoms of skeletal chain. Owing to the
presence of the middle phenyl group, relative posi-
tions and motion of chromophores may be sufficiently
different from those of 1;5-diphenylpentane to
enable the close approach of two terminal phenyl
groups. In order to discuss the mechanism of the
intramolecular excimer formation in the trimer model
compound, NNN, it is necessary to clarify the inter-
action between each pair of naphthalene chromophores.
As shown in the previous section, the compound,
NSN shows no interaction between two naphthalene
chromophores as in the case of 1,5-DNPe. The excited
naphthyl groups of NSN behave like an isolated
chromophore. According to the conformational analy-
sis of NSN and 1,5-DNPe, the fraction of fully ex-
tended all-trans conformation, tttt for 1,5-DNPe is
smaller than that for NSN. Therefore, it seems
that the middle phenyl group of NSN makes several
gauche forms of the skeletal chain unstable and
tends to decrease the degree of freedom of the con-
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formational changes. The terminal naphthyl groups
of NSN are, in average, more distantly separated
than those of 1;5-DNPe, then, from a view of the
conformation in the ground state, the trimer model
compound, NSN has less advantage than 1,5-DNPe for
the intramolecular excimer formation. In the excited
state, if an intramolecular excimer is formaed in
this compound, the skeletal chain must take such a
conformation as shown in Fig. 9- This is the un-
stable g g~ conformation due to the so-called,
four bond interaction between the methylene groups
of C. and C^. and the interaction energy is con-
Fig. 9- Exciraer conformation of 1,5-DNPe.
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sidered to be 3 kcal/mol. The steric hindrance in
this conformation mainly prevents the intramolecular
excimer formation, and this instability is not miti-
gated by the presence or absence of the aromatic
group at the C^ position. Then, the compound NSN
can not form the intramolecular excimer.
Since the stable positions of the skeletal
bonds and the conformation energies are little af-
fected by changing the chromophore from S to N,
there are no appreciable differences in the conforma-
tion between NSN and NNN. It is concluded from these
results that in the trimer model compound, NNN, the
intramolecular excimer is formed only between the
adjacent chromophores.
7-/+≫2. Intramolecular Excimer Formation Process
in MS
The photophysical properties of NNS are identi-
cal with those of 1,3-DNBu, which were described in
Chapter 5. The quantum yields, $, and $~, the asso-
ciation rate constant, k?1 and its activation energy
for NNS are almost the same as those for 1,3-DNBu.
In the calculation of the conformation energies, the
tt conformation for trimers corresponds to the tg
conformation of 1,3-DNBu denoted in Chapter 6, where
the tg conformation was shown to be most stable and
adjacent conformation of the excimer state. The
results for NNS in Table 3 show the same fraction
of the tt form as that for 1,3-DNBu. "The population
of the conformation adjacent to the excimer con-
formation is little affected by the additional benzyl
group to the end of the dimer. Furthermore, the
- 171 -
conformational relaxation process to the excimer
state after excitation of the chromophore is the
same internal rotation process from trans to gauche
in both compounds. Then, it may safely be said that
the exchange of one terminal aromatic group from S
to N brings no appreciable change for the conforma-
tion of the other terminal naphthyl group and its
relaxation processes. Therefore, the kinetic rate
constants of NNS show the rates of photophysical
processes of each adjacent pair of naphthyl groups
in the trimer, NNN. On the basis of these rate
constants, the photophysical processes of NNN can
be discussed quantitatively-
7-4-≫3. Kinetic Treatment for Excimer Formation
in NNN
An efficient intramolecular excimer formation
was observed in this compound, and it is due to
the increase of the association rate constant, kp-i.
The values are 1.4- - 1.6 times larger than those for
NNS as shown in Table 1. The results for NSN indi-
cate that the excimer formation between two termi-
nal naphthyl groups is excluded from the photo-
physical processes of NNN. So, the intramolecular
excimer is formed only between the adjacent naph-
thyl groups along the skeletal chain. Since the
equilibrium conformation and the relaxation process
of trimers are not seriously affected by changing
the kind of the terminal chromophore from S to N,
the increase of the association rate constant can
be explained by the following reason; the excited
naphthalene chromophore at the middle of the trimer
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NNN, can form excimers either with the two terminal
naphthyl groups, although the excited naphthyl
groups at the end of the trimer have the same proba-
bility as those of NNS. So, the efficiency of the
intramolecular excimer formation in NNN becomes
higher than that of NNS. As mentioned in the pre-
vious sections, the association rate of one adjacent
pair of naphthyl groups is decided by the rotational
motion of the skeletal chain from trans to gauche
conformation, whose process is independent of the
other pair's conformation. Then, it can be assumed
that the association rate, k^^ for the excited middle
chromophore is twice as large as that for the ex-
cited terminal chromophores. If the excimer forma-
tion rate is averaged for one middle chromophore and
two terminal chromophores of NNN, it becomes 4-/3
times larger than that of NNS.
In detail, these discussions must be followed
on the basis of the reaction kinetic equations. As
an averaging process of excitation energy among the
chromophores, an energy migration process is taken
into consideration. For steady excitation with
light of intensity I , the kinetic equations are
given as follows,
d[M J/dt = 21/3 + k12[D]/2 + 2k [Mj
d[Mm]/dt = IQ/3 +
(kQ1 + k21 + kt) [Me] ,
k [d]/2 + kt[Mj
<kO1 + 2k







(k12 + kQ2)[D). (3)
where [M ] and [M ] are concentrations of the excited
monomer state of middle and terminal naphthyl groups,
respectively, and k, represents the rate constant
of the energy migration process between adjacent
naphthyl groups. Under photostationary conditions,
d[M ]/dt = d(M )/dt = d[D]/dt = 0, the ratio of
the quantum yield, 0^/$M is given as follows,
V*M = 2k21k02(2k01 + 3k21 + 6kt} / k01{k2(3k01
+ 5k21 + 9k. k21 k12/2}. U)
On the other hand, the ratio for NNS is given by
Eq. 2-9,
V*M = k21 k02 / k01 k2 '
Then, in Eq. U> the ratio, $i-)/$Mfor NNN becomes J+/3
=1.33 times larger than that of NNS under the condi-
tion, k. >>k21 or k 12 ≫ k 02'
Experimentally, the ratio was found to be ca.
1.4. times larger value than NNS in the temperatures
below T , and also it is somewhat larger than the
expected value in Eq . 4- Since the dissociation
rate constant, k1p of the intramolecular exciraers
is smaller than the other rate constants, the ex-
perimental results show that the excitation energy
is diffusing among the chromophores with consider-
ably fast rate as compared with k?_.. Similar
phenomena were observed for a|3-E)NPrin Chapter 4-
To analyze the transient behavior of NNN after
excitation by a 6 function light pulse, we must
consider three rate equations similar to Eqs. 1, 2,
and 3. Solving the equations with appropriate
174. -
initial conditions: (Me)0= 2/3, (Mm]o = 1/3, and [d]0
= 0, the response functions of the monomer and the
excimer emission are generally represented as the
sums of three exponential functions,
I(t) = a exp(-A.t) + B exp(-Apt) + y exp(-A^t), (5)
where a, 3, Y. A.., A^. and ＼~are constants which are
determined by the rate constants. The transient
Table 4-･ Decay parameters of the monomer and
excimer fluorescence in the absence or




































units of k,, X., X2≫ and A~: 10
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7 s~]
equations were solved numerically under two condi-
tions where the rate constant k, takes a sufficient-
ly large value as compared with k?1, or takes a very
small value- The decay parameters calculated with
the rate constants of NNS, are shown in Table 4-≫and
the response functions for both typical values of
k, are shown in Fig. 10. When the migration rate
is negligibly small, A1, Ao, and X^ relate to the
o
Time
Fig. 10. Decay curves of the monomer fluores-
cence for NNN simulated by the rate
constants of NNS at 0 °C: (1) kt = 0,
(2) kt = 1.0 x 109 s"1 .
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the decay time of the excimer state, of the monomer
state for the middle chromophore, and of the monomer
state for the terminal chromophore, respectively -
As increasing the migration rate, the weight, 3 for
the decay component exp(-Apt) becomes extremely
small, and the response functions are represented
with the ordinary two component decay functions.
They are identical with the function derived for the
kinetic scheme assuming that the middle and the
terminal naphthyl groups are not distinguished and
the association rate constant takes 4-/3 times larger
than NNS. Experimentally, the decay curves are
treated as the sum of two exponential functions, and
the averaged association rate constants are deter-
mined with the ordinary procedures. Thus obtained
values are given in Table 1. The rate constants
at various temperatures are found to be 1.4- - 1.6
times larger than those of NNS, and somewhat larger
than the values predicted by the above discussion.
The kinetic equations are based on the as-
sumption that the excited monomer states of the
middle and the terminal chromophores can be always
distinguishable and each excited chromophore forms
an excimer with a given rate constant decided by
its position on the skeletal chain. But, if the
migration rate becomes extremely fast as compared
with the conformational relaxation time, the validi-
ty of such assumption appears doubtful. When the
excitation energy is delocalized among the chromo-
phores, the association rate should be proportional
to the probability that the excimer conformation is
generated in either of adjacent naphthalene pairs
- 177 -
of the trimer, NNN. Then, the association rate con-
stant of NNN will be doubled by the delocalization
of excitation energy, as compared with NNS. The
somewhat larger values than those predicted by the
kinetic equations seems to be indicative appearance
of such delocalization effect.
In this chapter, three trimer model compounds
have been examined using the time-resolving technique,
By the analysis of these compounds, interactions of
each pair of naphthyl groups in the trimer, NNN, can
be discussed separately. An enhancement of the
excimer formation rate constant was observed for
NNN, and the behavior was interpreted with two
reasons in addition to those described in the pre-
vious chapters. First, the excited middle naph-
thalene chromophore of the trimer, NNN can chose
either of two terminal naphthalene chromophores as
the partner of intramolecular excimer- This effect
increases the formation rate up to ca. 1-3 times
larger than that of NNS. It appears to be an in-
crease of the intramolecular concentration of chromo-
phores. Secondly, the rapid migration of the excita-
tion energy among the chromophores enables to make
the excimer conformation more efficiently. Then,
it will enhances the association rate still higher
in addition to the enhancement due to the first
effect. The migration of excitation energy becomes
an even more important process in polymer systems,
where a lot of aromatic chromophores are linked
by a polymer chain.
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From the discussion to this point, several
factors governing the intramolecular excimer forma-
tion processes are clarified:
(1) Configuration of the compound, which decides the
stability of the excimer state and the following
conformational factors.
(2) Conformational distribution in the ground state,
which relates to the intramolecular effective con-
centration of chromophores and the pathways to the
excimer conformation.
(3) The rate of conformational changes from the
eqilibrium conformation to the excimer conforma-
tion, which are influenced by the environment of
the compound, e.g., temperatures and viscosities.
(4-) Energy migration between chromophores, which
plays an important role in the compound having
three of more chromophores on a molecule.
In the following chapters, the photophysical
characteristics of polymer systems will be discussed











Polymer Effect on Intramolecular Excimer
Formation in Poly(2-vinylnaphthalene)
Introduction
Inter- and intramolecular excimer formation of
various naphthalene derivatives have been investi-
gated in the previous chapters. Particularly, the
quantitative study of dinaphthyl and trinaphthyl-
alkanes demonstrated clearly the characteristics of
intramolecular excimers. It was shown that a primary
condition to form intramolecular excimer is the
micro-structure of the compound, in which two aro-
matic chromophores have to be separated by exactly
three carbon atoms along the alkane chain. Vinyl
aromatic polymers such as poly(vinylnaphthalene)
satisfy this configurational condition, and they
appear to show efficient intramolecular excimer
formation.














above mentioned polymers show excimer fluorescence
from intramolecularly formed excimers between the
pendant chromophores along the polymer chain. The
effect of molecular configuration of the polymer
- 183 -
8)
have been examined for various polymers. The ex-
cimer formation in polystyrene and poly(vinylnaph-
thalene) has been considered to be mainly due to
interaction between adjacent chromophores on the
9)polymer chain. The photophysical behavior in dilute
solutions of these polymers is very similar to their
dimeric model compounds, and the excimer formations
are thermally activated processes as described in
the previous chapter- The phenomena of intramolecu-
lar excimer formation seem to be closely connected
with micro-structure, conformation of the molecule,
and rotational motion of the skeletal chain.
Particularly, considering the fact that the relaxa-
tion times of polymer molecules obtained by various
methods are in the order of magnitude ranging from




it can be expected that the
phenomena of intramolecular excimers provide some
significant information about the micro-Brownian
motion of polymer chain segments. On the other hand,
it is said that in solid films, energy migration
between chromophores plays an important role in the
excimer formation, since efficient excimer formation
is observed in spite of the restriction of rotational
freedom in films.
11) _ . 12) .-,-,,,
Some workers include the
energy migration process in the general kinetic
scheme in dilute polymer solutions as well as in
films .
The excimer formation mechanism in polymers has
not been established yet. It is due to the com-
plexity of polymer systems. In order to clarify the
photophysical processes of intramolecular excimer
formation in polymers, two approaches are taken in
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this chapter- One is to observe the fluorescence
behavior of various model compounds designed to
clarify interactions of a pair of chromophores. Such
13)studies were first reported by Hirayama and
1 L)developed by Chandross et al. The other is to
determine all rate constants of photophysical process
using the time-resolved technique, which has been
applied for polymer systems, lately. On the basis
of these measurements, the mechanism of the excimer
formation in polymers are discussed, and polymer
effect on intramoleculae excimer formation are
indicated.
8-2. Experimental
Poly(2-vinylnaphthalene) (PVN) was prepared by
radical and anionic polymerization of synthesized
2-vinylnaphthalene (VN). The radical polymerization
was carried out in benzene solution at 60 C using
a,a'-azobisisobutyronitrile as an initiator. The
resulting polymer was reprecipitated several times
from benzene solution into methanol and fractionated
by the fractional precipitation method. The molecular
weight of PVN was determined by vapor pressure osmo-
metry, light scattering measurement, and calibrated
GPC measurement. Anionic polymerization was carried
out in tetrahydrofuran at 0 °C using sodium-naphtha-
lene as an initiator. In the same way, ABA type
block copolymer, poly(VN-block-styrene-block-VN) was
prepared from living polystyrene dianion, whose
kinetic investigation has been reported by Szwarc
et al. ' The degree of polymerization of middle
styrene block was ca. 100. The compositions were
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determined by IR spectra, using the bands at 820,
690, and 470 cm" , and found to be kl, 56, 65 molef*
for VN residue. Preparation of model compounds
were described in the previous chapters.
Solutions of these samples were prepared in 2-
methyltetrahydrofuran (2MTHF) and in tetrahydro-
furan (THF) at the concentration of ca. 10"^" mol/l
for the naphthalene residue. Each solvent was puri-
fied by several distillations before use, and its
purity was tested by UV absorption spectroscopy.
All measurements were carried out in a deaerated
condition, and details were described in the previous
chapters.
8-3. Results and Discussion
8-3, 1. Emission Properties of PVN in Photo-
stationary Condition
Fluorescence spectra of PVN are shown in Fig. 1,
and the temperature dependence of the quantum yields,
$M and $-r,are shown in Fig. 2. The absorption and
the monomer fluorescence bands of the polymer are
almost idential with those of the dimeric model
compounds, except for the shift of both absorption
and fluorescence peaks to the longer wavelength of
ca. 1 nm. For the excimer band, there is no dif-
ference between that of the model compounds and the
polymer. Because of the similar molecular structure
in the dimeric unit of the polymer, its excimer has
the same binding energy and arrangement of the naph-
thalene chromophores as the dimers. The quantum
yield of each emission band shows the same tendency











Fig. 1. Fluorescence spectra of PVN in THF: (1)
-80 °C, (2) -50 °C, and (3) -20 °C.
77 K, there is no excimer emission on the fluores-
ence spectra, and at temperatures below -100 °C, the
monomer fluorescence quantum yield approaches that
of 2-ethylnaphthalene. This indicates that the naph-
thalene side groups of PVN behave like an isolated
naphthalene unit when their molecular motion is sup-
pressed. There are only few suitable conformations














Fig. 2. Temperature dependence of the quantum
yields in THF. O : 1,3-DNPr and
# : PVN. Full lines are the quantum
yields of the monomer fluorescence
and broken lines are the quantum
yields of the excimer fluorescence.
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at such low temperatures, because of the instability
of the excimer conformation. With increasing tempera-
ture, the excimer formation of PVN becomes more ef-
ficient than that of the dimers, and conversely, the
monomer fluorescence of PVN is quenched more than
that of the dimers. Then, it shows that the intra-
molecular excimer in polymer systems is formed
through dynamical processes due to thermally acti-
vated molecular motion of the polymer chain. The
activation energy of the association process of PVN
is obtained from the slope of the plot, $t>/$m against
1/T as shown in Fig. 3, and the energy is found to
be i.8 kcal/mol, which is the same as that of dimers.
The excimer formation processes seem to be very much
alike with each system, and the polymer excimers are
probably formed between adjacent naphthalene chromo-
phores on the polymer chain. These results qualify
the application of the scheme of the excimer forma-
tion in dimers to the high molecular weight polymers.
The excimer conformation is unstable in the ground
state, and fairly high conformation energy is assign-
17)ed to the polymer chain: 2-3 kcal/mol. At
initial stage of excitation, most of chromophores
lie in the monomeric state and then intramolecular
excimers are formed with conformational relaxation
to the excimer conformation. The pathway of the
conformational change is deduced easily from the re-
sults in the dimer model compounds. The similar
activation energy to the dimers represents that the
barrier energy of the excimer formation process is











Fig. 3. Arrhenius plots of the quantum
yield ratios, $,-./$...
O : 1,3-DNPr, ･ : PVN.
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The quantum yield ratio, $ /$.. for PVN at a
given temperature shows the largest value among the
compounds so far observed, and this is probably due
to the increase of the association rate constants
for PVN. It is exceptional that the emission proper-
ties of PVN and 2,4.-DNPe(meso) are very much alike.
This behavior is again discussed on the basis of the
rat.ficonstants in the later section.
8-3, 2. Molecular Weight Dependence and Solvent
Effect on Emission Properties
Many physical properties of a polymer depend
on its molecular weight which is one of the most
important characteristics of macromolecules. The
photophysical behavior of PVN is measured for the
samples having various molecular weight in the range
from ( x 10J to 1 x 10 . Figure 4 shows the molecu-
lar weight dependence of $, and $^. of PVN at several
temperatures. In the range of the molecular weight
up to ca. 2 x 10* (which corresponds to the degree
of polymerization of ca. 100), $, increases as the
molecular weight increases, and conversely $M de-
creases. For the molecular weight higher than that,
both quantum yields are invariant with the change of
molecular weight. The ratio, $D/$M relates to the
association rate constant kp-., so the change of k^-^
seems to be the cause of the molecular weight de-
pendence of the intramolecular excimer formation in
the polymer-
When considering this effect of molecular weight,
the following physical properties affecting the asso-











Fie. L. Molecular weisrht dependence of the
quantum yields, 0 D and $, in 2MTHF
at various temperatures: (1) -70 °C,
(2) -50 °C, and (3) -20 °C.
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(1) Conformational relaxation time of the segment
motion･
(2) Interaction between chromophores situated far
apart along the polymer chain, but coming to en-
counter during their lifetime.
(3) End effect on the configuration and conformation
of polymer chain.
(4.) Migration of an excitation energy among chromo-
phores on the polymer chain.
The relaxation time of polymer chain has been
measured by several methods, i.e., C-NMR,
19) 20)
ESR, fluorescence depolarization, ' depolarized
21) 22)
Rayleigh scattering, and dielectric dispersion. '
Their results show that the relaxation time of poly-
mer chain increases with increasing the molecular
weight, and indicate that the observed relaxation
19 20)process consists of two components. One is
mainly due to the rotatory diffusion of the whole
macromolecule which depends on its molecular weight.
The other is due to the local segmental motion of the
polymer chain which is not so dependent on the varia-
tion of the molecular weight. The intramolecular
excimer formation is influenced by the micro-motion
of the polymer segments, then such a tendency might
give an inverse effect of the excimer formation in
polymers with increasing the molecular weight. This
is in disagreement with the experimental result as
shown in Fig= 4--
The interaction between remote parts of the
polymer chain has been discussed as as important
problem of intramolecular reaction in polymer
systems. And if there is such excimer formation
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process in the fluid solution of polymers, it might
become a cause of the molecular weight dependence.
The existence of the intramolecular excimers between
remote chromophores along the polymer chain is not
completely denied in the present stage. In fact, a
very little intramolecular excimer formation has
been observed in dilute solution of poly(allylnaph-
thalene) in which the chromophores are separated from
the skeletal chain, and the structure does not satis-
8)fy the n=3 rule. But, the following facts indicate
that the non-adjacent excimer formation is a negligi-
bly small part of the excimer formation processes in
the polymer system.
The fluorescence behavior of polystyrene in
various solvents have been reported by Nishihara and
2/)
Kaneko, and interpreted in terms of the non-
adjacent excimer formation. They found a good cor-
relation between the quantum yield ratio, $r/$M and
the reciprocal of the intrinsic viscosity [n] in
various solvents, and the viscosity relates to the
p
mean radius of gyration <S > as follows,
[nj = 63/2 $ <s2>3/2/ m
where M is the molecular weight of the polymer.
Qualitatively, this result indicates that the in-
crease of the segment density of the polymer chain
enhances the encounter probability of chromophores
attached to the remote part of polymer chain.
Similar tendency is observed for PVN as shown
in Fig. 5. THF is a good solvent for PVN and
cyclohexane is a poor solvent. The,efficiency of







Fig. 5. Quantum yield ratios of PVN
in THF-cyclohexane mixed
solvents. ･ 10 °c, ･ 25
solvents increases with the component of the poor
one. But, it is too hasty to conclude that this
°c
indicates the existence of the non-adjacent intra-
molecular excimers in PVN. Because a difference in
the solvent-segment (chromophore) interaction may-
give a different efficiency of the excimer formation
between adjacent chromophores. This possibility is
examined in various solvents using 1,3-DNPr, which
regarded as a dimeric model compound of the segment
195 -
*- ≪- o *-
･ ･ a ･
＼O CO C*- O^
≪ ･ ･ ･o o o o
cr- (＼j cv o
<- O
O ≪- ■r- r- <- x-
U＼ v£> r- vO IA (O
T- <- t＼i ･- >- <r-
o o o o o o
o *-
o" o*
0s CM C＼J CM O
･ ･ * ･ ･








ir* r＼; r- ＼r＼ c＼j a* <y






















O 0s O (7s
O> O1 O≫ O>
f*＼ ro r~＼ c^i
o* o o o
o- o o o
























J- vO <£> _3
^ -d- J- U＼
･ * ･ ･





R r-l rH 60
C O M
a) C c
H K as (l) C
(i, O <D H -P C 4>




































































































of polymer chain. Physical properties of the solvents
and photophysical rate constants of 1,3-DNPr at 25
°Care given in Table 1. The wavelength (v^ax) show-
ing the maximum intensity of excimer emission and
all rate constants except for the association rate
constant, k?1 are almost the same in various solvents.
Then, the electronic states of the monomer and ex-
cimer are not affected by the physical properties of
solvent e.g., polarity of solvent. The direct
measurement of rate constant k21 enables discussion
of the difference of the formation processes without
considering the intrusion of the other processes.
As shown in Fig. 6, the plot of reciprocal of the
association rate constant against the viscosity indi-
cates two dominant factors controlling the associa-
tion process of the intramolecular excimer: viscosi-
ty and solubility. It is natural that the excimer
formation process is controlled by the viscosity of
the medium, since the process is attended with con-
formational relaxation in itself. However, the
relationship between the association rate and vis-
cosity of the solvent is not clear, except for the
series of alcoholic solvents in which the rate con-
25)
stant is fairly correlated to the viscosity. " In
comparison of the rate constants in several solvents
having similar value in viscosity, it can be safely
said that the association rate constants are closely
correlated with the solubility of the compound rather
than the viscosity. In a good solvent, THF, the
rate constants are found to be much smaller than
those in a poor solvent, methanol. Because of a






































































quency of the contact between two naphthalene chromo-
phores in the dimeric model compound, becomes smaller
in a good solvent than in a poor solvent. Some cases
can be considered to give such an effect on the asso-
ciation process. First, the strong interaction of
solvent increases the fraction of extended conforma-
tion in the ground state and decreases the intra-
molecular effective concentration of chromophores
as described in Chapter 6. Secondly, the efficiency
of the excimer formation per an encounter of chromo-
phores becomes small by the solvent-chromophore inter-
action. In the present stage, further quantitative
discussion about the solvent effect on the excimer
formation process cannot be given, but this effect
must vary the association rate of the adjacent
chromophores on the polymer chain, too. Then, it is
easily predicted that the excimer formation efficien-
cy of PVN in cyclohexane becomes larger than that
in THF in spite of the increase of the viscosity as
shown in Fig. 5.
On the other hand, an interesting result was
obtained in Chapter 4-- It was found that no intra-
molecular excimer is formed in the compounds, a,o>-
dinaphthylalkanes, in the whole range of temperature.
This result shows that the naphthalene chromophore
cannot interact with another one attached to a remote
part along the methylene chain during its lifetime.
Although the observation was carried out for the com-
pounds up to n=12, the increase of the methylene
chain length seems to be more and more disadvanta-
geous for the intramolecular excimer formation, since
the chain instability at the ring closure conforma-
- 199 -
tion is already relaxed in the compound, n=12.
26)
From these results, it can be said that the non-
adjacent intramolecular excimer formation is a negli-
gibly small part of the excimer formation processes
in the polymer system, supposing that it exists in
that system. Then, another mechanism should be con-
sidered for the cause of the molecular weight de-
pendence .
8-3. 3. Molecular Weight Dependence of PVN and
Block Copolymers Prepared by Anionic Poly-
merization
The fluorescence spectra of the samples prepared
by anionic polymerization are identical with those
by radical polymerization. Figure 7 shows the mo-
lecular weight dependence of the quantum yield ratio,
$r,/$M in the low molecular weight region with the
plot against reciprocal of the degree of polymeriza-
tion. The dependence is marked for these samples,
too. As compared the ratios with those for samples
prepared by radical polymerization, they show some-
what larger values for the anionic polymers than the
radical polymers at the same degree of polymerization.
This may be attributable to the difference in the
tacticity of the polymer chain. As mentioned in
Chapter 5, it can be expected that the polymer
containing a larger fraction of isotactic sequence
shows more efficient intramolecular excimer forma-
tion.
The quantum yield ratio for the block copolymers
is also given in Fig. 7. As the values on the ab-
scissa, the reciprocal of degree of polymerization
200 -
for the VN part in the one end of copolymer chain is
chosen. Although the degree for the middle styrene
part of these block polymers is about a hundred, the











Fig. 7. Quantum yield ratios of PVN homopoly-
mers (O) and block copolymers (･) pre-
pared by the anionic polymerization:
(1) -20 °C, (2) -30 °C,(3) -40 °C, (A)
-50 °C.
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polymers having the degree of polymerization cor-
responding to the chain length of VN part. This
indicates that the molecular weight dependence is
not due to the physical properties concerned with the
whole molecular weight of polymers, but due to the
length of consecutive alignment of chromophores.
8-3, A- Photophysical Rate Constants and Excimer
Formation in PVN
Decay curves for the monomer emission were ap-
proximately given by single exponential functions,
exp(-t/-r), and this shows that the dissociation rate
constant of intramolecular excimer is negligibly
small, compared with the association process. Figure
8 shows temperature dependence of the rise and decay
curves of the excimer emission for dilute THF solu-
tion of PVN. All photophysical rate constants can
be determined from these decay data using the ordi-
nary methods as described in the previous chapters,
and listed in Tables 2 and 3. Compared with the
rate constants for the various dimer model compounds,
there is a large difference in the association
process, kpi' although little difference is observed
in the other processes. Temperature dependence is
mainly due to the change of the association rate con-
stant which reflects the conformational change of the
polymer chain. Arrhenius plot of kp. for PVN gives
the activation energy of the association process
and the same values as those for the dimeric model
compounds are obtained: 5.3 kcal/mol. Then, the
difference between the behavior of the dimeric com-
pounds and that of polymer is due to the difference





Fig. 8. Rise and decay curves of the excimer
emission of PVN at various temperatures:
(1) -60 °C, (2) -L0 °C, (3) -20 °C.
1.4. x
L,6 x
10 12 for 1,3-DNPr, 2.5 x 1012 for 1,3-DNBu,
1012 for 2,4-DNPe(meso), and 6.0 x 10 for
PVN. The frequency factor of the association process
in the polymer is much larger than that in the dimers
in spite of the same barrier energy of the process.
The photophysical behavior of PVN and 2,4-DNPe
(meso) is very similar in the photostationary and the
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Table 2. Photophysical rate constants of PVN and


















Table 3. Association rate constants of PVN and






























transient measurements. As shown in Chapter 5, the
racemo DNPe which corresponds to the syndiotactic
sequence of PVN shows a very small association rate
compared with the meso isomer. This indicates that
the intramolecular exicmer of PVN is mainly formed
at the isotactic sequence of the polymer chain, and
the syndiotactic sequence makes few contributions to
the excimer formation. In this place, two in-
comprehensible points are raised. First, the poly-
mer was prepared by radical or anionic polymeriza-
tion, so it has random distribution of isotactic and
syndiotactic sequences on the polymer chain. But,
there is no indication of the photophysical behavior
concerning the syndiotactic sequence, which will
appear in the time-resolved measurements as a longer
decay time for the monomer emission and a slower
rise component for the excimer emission. Experi-
mentally, the decay profile can be analyzed with the
association rate constant much similar to that of
2,4,-DNPe(meso) . Secondly, the intramolecular ex-
cimer formation is controlled by the conformational
changes of the polymer chain. Then, some accelera-
tive mechanism for the association process must be
taken into consideration in order to interpret the
large frequency factor of the polymer, since the
segmental motions in the polymer will be slower than
those of the dimers.
From this view point, the results in the trimer
model compounds in Chapter 7 are very interesting.
As an effect of the interaction among successive
three or more chromophores along a methylene chain,
it was shown that the intramolecular effective con-
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centration with respect to the chromophore having its
adjacent partners on either side can be evaluated to
be twice the concentration of an adjacent pair.
Furthermore, the energy migration among chromophores
makes the differences in the dissipation processes
due to configurational factors unimportant, and also
enhances the formation rate of the intramolecular
excimer. These phenomena must occur to the polymer
systems in the same way.
Here, the mechanism of the intramolecular ex-
cimer formation in PVN can be easily estimated from
these results. An excitation energy absorbed by a
naphthyl group migrates the chromophores on the poly-
mer chain. A part of the excitation energies is
released as monomer fluorescence or thermal energy
with an intrinsic rate constant for the chromophore.
On the other hand, micro-Brownian motions of the poly-
mer chain produce various conformational changes and
arrangements of adjacent chromophores, and most
probable rotational conversion seems to be tg - gt
transition via tt conformation at isotactic sequence
where the tt conformation is an excimer conformation.
So, the isotactic sequence mainly participates in the
intramolecular excimer formation. If the chromo-
phore situated at the isotactic sequence is being
excited at just the time that the conformational
changes are carried out from tg conformation to tt
conformation, the intramolecular excimer can be
formed. It is also true that the other formation
processes due to different modes of conformational
changes exist in the polymer systems, but they can
not become main part of the excimers, since the ex-
citation energy will be caught by the fastest mode
to make the excimer arrangement of chromophores and
scarcely come back to the excited monomer state with
the dissociation of the excimer. The effective con-
centration of the chromophores is taken to be twice
that of dimers because two adjacent chromophores are
found at the both side of an excited chromophore.
Furthermore, the association rates in polymer systems
are enhanced by the fast migration of the excitation
energy, which averages the heterogeneity of the re-
laxation processes due to the sequence distribution
of the vinyl aromatic polymer. A primary factor in
determining the association rate constant is the rate
of conformational relaxation as mentioned above, but
in addition to this, there are such accelerative
factors for the polymer system. The observed rate,
7 x 10 s~ at 25 °C, is a result of these processes.
Although the rate of conformational relaxation
process is not exactly estimated form this associa-
tion rate constant without determining the migration
rate at the present stage, but according to the
results for the trimer model compounds, the rate
seems to be in the same range with the observed rate
constant of the excimer formation rate.
In the samples having the degree of polymeriza-
tion below ca. 100, the accelerative effect due to
the energy migration becomes inefficient, since the
extent of energy migration on the polymer chain is
larger than the chain length of the polymer. It
appears to be an evidence of the migration effect
that the photophysical behavior of the ABA type
block copolymer does not depend on the whole degree
207 -
of polymerization of the copolymer, but depends on
the chain length of the VN block in the copolymer.
Then, they seem to be cause for the molecular weight
dependence observed at the oligomer region. Further
discussion for the polymer systems will be made on
the basis of the photophysical behavior of random
copolymers in the next chapter.
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In the previous chapters, intramolecular excimer
formation in polymer solutions were discussed, and
various results showed the existence of the energy
migration process on the pendant chromophores attach-
ed to the polymer chain. This migration process
makes an important role in the excimer formation of
polymers. In homopolymers, it appears that the mig-
ration mainly takes place along the row of cosecutive
adjacent aromatic groups and the rapid migration
enables to catch the excimer conformation on the
polymer chain, efficiently. In random or alternative
copolymers, such migration process seems to be inter-
rupted by the insertion of the photophysically inert
species on the polymer chain, and even if the migra-
tion exists in polymers, it mainly occurs between
non-adjacent chromophores within the domain of the
polymers.
Luminescence characteristics of various copoly-
1 2)mers have been investigated by many workers, ' and
their experimental data suggest effective migration
2)
of excitation energy in films and in solutions.
But, there has been no report still now which deals
with the quantitative relationship between the energy
migration and the excimer formation phenomena in co-
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polymers, i.e., sequence distribution of the chromo-
phores, exciraer formation rate of an adjacent pair,
and migration rate of the energy among chromophores.
These points seem to have fundamental significance
in interpreting the photophysical properties of
polymer systems.
In this chapter, the photoluminescence charac-
teristics of copolymers of 2-vinylnaphthalene with
styrene have been studied under photostationary and
transient conditions, in order to investigate the
interactions between the adjacent chromophores and
also between the non-adjacent chromophores in a
polymer chain. The observed luminescence behavior
can be explained very well with a kinetic treatment
including energy migration process between chromo-
phores .
9-'2. Experimental
2-Vinylnaphthalene (VN) - styrene random co-
polymers were prepared by radical polymerization at
60 °Cusing a,a'-azobisisobutyronitrile as an initia-
tor- The polymerization was stopped at the con-
version below 5%. The resulting polymer was re-
precipitated several times from benzene solution into
methanol. The copolymer compositions were determined
by IR spectra using the bands at 820, 690, and 4-70
cm" , and the calibration curves were shown in Fig = 1
The relationship between the composition of the co-
polymer and the composition of the starting monomer
mixture is given in Fig. 2. From the Fineman-
Ross plot as shown in Fig, 3, the monomer reactivity
ratios were obtained: r,rM = 1./3, r . = 0 53VN """ styrene ^･■J-J
- 2U -
The ratios were
by Price at al.
in
3)
accordance with the value reported
Triad probabilities of the naph-
thalene units in the copolymer chain, Pnivrq'Pqivrju'
and pNNn> in which subscripts N and S refer to the
vinylnaphthalene and styrene units, respectively,
were estimated from the reactivity ratios. Molecu-
lar weights of the copolymers were determined by a











Fig. 1. Calibration curves of IR absorption
to determine the compositions of VN-
styrene copolymers. O: vM= 820 cm,
-1 -1











Fig. 2. Relationship between the composition of









Fig. 3. Fineman-Ross plot, where F = [VN]/[St]
and f = (N]p/[s]p.
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Table 1. Characteristics of vinylnaphthalene-
styrene copolymers
St-2VN (2VNJ^ Ity^ i
COPOLYMER ^StM2VN) Ksl+CN) P C0NV'#/o MxiO^ PSNN
C1 0.05 0.09 2.9 18 O.OOeO.15
PSNS
0.85
C2 0.09 0.16 5.3 18 0.02 0.23 0.75
C3 0.17 0.26 2.3 21 0.05 0.34 0.62
C A 0.30 0.44 3.9 27 0.17 0.48 035
C5 0.47 0.58 3.3 34 0.31 0.49 0.20
C6 0.61 0.70 4.7 25 0.47 0.43 0.10
polymers are summarized in Table 1. In quenching
experiments, biacetyl was chosen as a quencher. The
concentrations of biacetyl were adjusted to be $ x
10"^ - 3 x 10~3 mol/1.
All measurements were carried out in deaerated
THF solutions, and the concentrations were adjusted
to be ca. 10 mol/l for the naphthalene chromophore,






1. Stationary State Behavior of the Copolymers
and Their Triad Probabilities
In stationary state, fluorescence intensities
from the dilute solutions of the copolymers in THF
were measured at various temperatures. The energy
level of the singlet excited state of naphthalene
chromophore lies in lower than that of the phenyl











Fig. 4-･ Quantum yields of the monomer fluorescence
at various temperatures. O: 25°C, A: 5°C,
A : -20°C. ･ : -50°C. Solid lines are calcu-
lated values of 4>Mwith Eqs. 7 - 11
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sipation processes of the excited naphthalene chromo-
phores. In Figs. 4.and 5, the quantum yields of the
monomer fluorescence, $M and the excimer fluorescence,
*D are plotted against the probability that an excit-
ed naphthalene chromophore has the adjacent naphtha-
lene unit, i.e., P^ + PNNN = 1 - P^.
Under the assumption that isolated naphthalene
chromophores situated in the local sequence of SNS,









Fig. 5. Quantum yields of the excimer fluorescence
at various temperatures. O: 25°C, A : 5°C,
A : -20°C, ･: -50°C. Solid lines are cal-
culated values of $_ with Eqs. 7 - 11.
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formation in the copolymers, and that the excimer
formation efficiencies in the sequence of SNN and
NNN are not distinguished, the quantum yields, $M






M + ( 1 - psns ) v
PSNS } V '
(1)
(2)
where 4>Mis the fluorescence quantum yield of the
isolated naphthalene groups, and L1, c|>~'refer to
the quantum yields of the monomer fluorescence and
the excimer fluorescence, respectively, for the non-
isolated naphthalene chromophores. The quantum
yields, <})>,,<t>^f,and <$>~}are written by the kinetic
rate constants as follows.
K = koi I koi




?1 ＼-"^-i O ~ 91 19 ＼
5 /
These equations imply that $,, and $~ should both
have linear relationship with the probability P^
+ Pwwla≪ However, neither of the obtained results
are in accordance with these simple linear re-
lationships as shown in Figs. 4-and 5. At low
temperatures, as the contents of naphthalene chromo-
phores in polymers increase, $, decreases particular-
ly in the high content region, and intramolecular
excimers are formed more efficiently than expected
by the above relationship. At high temperatures,
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the monomer fluorescence is quenched notably even in
the relatively low contents of naphthalene qhromo-
phores. These observed facts indicate that the iso-
lated naphthalene units also contribute to the intra-
molecular excimer formation of polymer molecules in
solution. This conclusion is confirmed by the
measurements of emission decays using a single photon
counting technique.
9-3, 2. Time-Resolved Measurements of Monomer and
Excimer Emission
Decay curves of the monomer and the excimer fluo-
rescence at 25 °Cin THF were measured. Figure 6
shows the decay curves IM(t) of the monomer fluo-
rescence for various copolymers. For the copolymers
of the low content of naphthalene, th＼eobtained IM(t)
shows simple exponential decay, but its lifetime are
48, 38, and 28 ns for C1, C2, and C3, respectively.
Those are shorter than the lifetime of the monomeric
model compound, MNEt in the same condition: 54 ns.
If the isolated excited naphthalene chromophores
situated in the sequence of SNS, do not play any role
in the excimer formation and dissipate to the ground
state with the intrinsic rate constant of the chromo-
phore, the component of this corresponding lifetime,
54 ns (= kni ), should be contained within the
decay curves of those copolymers as follows,
JM(t) " PSNS exp(-k01t)
+ C (11 - PgNS){exp(-X1t) + A exp(-A2t)} (6)









Decay curves of the
rescence for various





U) CA, and (5)
in Fig, 6 show that the isolated excited naphthalene
units are intramolecularly quenched in solution.
These phenomena suggest the effective diffusion of
naphthalene units or the excitation energy in the
polymer molecules. For the copolymers of high naph-
thalene contents, the observed decays of IM(t) con-
sist of two of more components indicating the con-
tribution of the excimer dissociation process.
The decay curves of the excimer fluorescence
In(t) for PVN and various copolymers are shown in
Fig. 7. It can be noted that the rise of excimer
emission for the copolymers of low naphthalene
contents is much slower than that PVN. For example,
the rise time of C1's excimer emission are estimated
to be apparently ca. 11 ns, although some faster rise
components than that are observed in the decay curve.
The composition of naphthalene units in C1 is only
about 9%, but the evaluated value for the probability
of Pomm is about 15$- The predominant portion of the
excimer fluorescence of C1 can reasonably be assumed
to be emitted from the excimer formed between such
adjacent naphthalene chromophores. Then, the
relatively slow rise time for the copolymers suggests
that the segment motion controlling the excimer
formation in polymer chain is considerably slower
than the expected value from the kp, observed for
homopolymer, PVN. To be exact, the excimer forma-
tion processes in the copolymers are complex, and
more detailed and quatitative discussion must be
made on the basis of kinetic rate equations followed
by experimental data.





Fig; 7. Rise and decay curves of the excimer
fluorescence for various copolymers:
(1) PVN, (2) C6, (3) C4, and U) C2.
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1.4 ns at 25 C in THF, and the obtained associa-
8 1tion rate constant is ca. 7x10 s~ , as described
in the previous chapter. The markedly large value
of kp.. for homopolymer, PVN, implies the important
role of the row of the consecutive adjacent aromatic
groups for the formation of the intramolecular ex-
cimer in the polymer chain.
9-3, 3* Energy Migration in Copolymers and Kinetic
Treatments of the Emission Behavior
When considering the observed quantum yields and
decay profile, we must take into account the follow-
ing two facts; First, the excimer formation effi-
ciency of the excited naphthalene chromophores having
different sequence were examined with trimer model
compounds NNS and NNN in Chapter 7, and it was indi-
cated that the excimer formation rate constant of
the excited naphthalene units situated in the
sequence of NNN should be at least twice as large as
that in the sequence of SNN. Secondly, as shown in
Chapter 7 and Chapter 8, energy migration among
naphthalene chromophores can make averaged the dis-
sipation processes of the excitation energy, which
is originally decided by the local sequence of the
pendant naphthalene chromophores in the absence of
■the migration process-
Here, taking into account these two facts, the
following steady state kinetic equations are written,
d[Ms;g]/dt = PSNS Io + ktPNPSNS( ^SNNJ + Km^
{kQ1 + ktPN(PSNN + PNNN)} [Ms*s]
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(7)
d(M *]/dt = psnnV ktp
+ k
NPSNN(1MSNS) + [MNNiJ}
12IDSNnJ " {kO1+ k21+ ktPN^PSNS
+ PNNN)} fMSNN)
d[MNJN)/dt = PNNNIO+ ktPNPNNN(^SNS] + [MSNN^





d[Ds;j/dt = k21(Ms;N] - (k12+ k02) [ds;nj do)
d[DNNN]/dt = 2k2iKNN] " (k12+ k02> KniJ ' (11)
where M
SNS' SNN, and MjjNN> represent the singlet
excited naphthalene groups situated in the sequences
of SNS, SNN, and NNN, respectively, k. is the intra-
molecular migration rate constant of the excitation
energy from an excited naphthalene monomer to another
naphthalene chromophore on the polymer chain, P^
is the composition of VN unit in the copolymer, and
p p
rNrSNS' PNPSNN' and PNPNNN rePresent the intra-
molecular concentration of the local sequences, SNS,
SNN, and NNN, respectively. The other rate constants
are the same notation as mentioned on the previous
chapter, but particularly, the association rate con-
stant, kp., means the excimer formation rate constant
of the isolated dimer sequence NN on the polymer
chain. Then, this rate is closely concerned with
the conformational changes of the polymer segments.
Using the solutions of Eqs. 7-11, the quantum






The decay curves of the monomer and the excimer emis-
sion, Ij^(t) and Ir)(t) can be given by solving the
differential equations similar to the Eqs. 7-11.




lMNNNJo= PNNN ' 1DSNNJo= ^DNNnJO= ° (U)
In these kinetic equations, several rate con-
stants for the naphthalene chromophore have been
already decided from the measurements of various
dimer model compounds and polymers. Then, unknown
rate parameters are only two: k, and kp... In Fig. 8,
the association rate constant dependence of $M and
$D calculated for various k.'s at P3^3= 0.7, is shown,
and the same way, the dependence of lifetime of the
monomer emission decay, tm is shown in Fig. 9, where
the decay curve, luCt) can be approximated to be
single exponential function in the low naphthalene
content samples. It is obvious in Figs. 8 and 9
that the quantum yields and decay times are mainly
dominated by the association rate constants k21
in the region of small k2-j value, and by the migra-
tion rate constants kt in the region of large k21
value, in which the migration process of excitation
energy from an isolated SNS chromophore to an ad-
jacent naphthalene pair, SNN or NNN, means sub-










Fig. 8. Association rate constant dependence of
Fu
and $D at P SNS= ^*^ ^or vari°us k. values.
11 lines are the quantum yields $w, and
broken lines are the quantum yields $~.
(1) kt= 1 x 107 s"1, (2) kt= 1 x 108 s~1,
(3) k.= 2 x 108 s"1, U) k.= 3 x 108 b~1,
8-1(5) k,= 5x10 s~ . Numerals are put in
order from the top for full lines and from









Fig. 9- Association rate constant dependence
of the lifetime, tm, at PgNS= 0.7 for
various k, values. Numerals represent
the same k. values as those in Fig. 8.
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state M , because almost all of the excitation energy
in H jj and M_NN are to go to the corresponding ex-
cimer states, and scarcely go back to the isolated
naphthalene units, SNS. Appropriate values of k^-,
and kt ( k21 = 2 x 108 s"1, kt = 3 x 108 s"1) are
chosen in Figs. 8 and 9, and the agreement between
calculated and found values is examined for samples
having various naphthalene contents.
Figures 10 and 11 show the observed decay curves
Of XM (t) and Irj("t)and calculated decay curves, l(t)
given by the following equation,
ft
I(t) = p(t≫) F(t - t1) dt'
' o
(15)
where F(t) is calculated response function from the
differential equations, and p(t) is the exciting
pulse shape. These curves agree very well those
experimental curves in wide range of naphthalene
contents. As mentioned above, the decay curve, IM(t)
for the low content region of naphthalene chromophore
can be approximated by a single exponential function.
Actually, the decay functions given by the equations
consist of five exponential functions.
When the dissociation rate constant, k1? is
neglected in order to make clear the decay profile,
the decay curves of FM(t) and FD(t) can be expressed
by sums of three or four exponential functions,
respectively, as follows,
FK{t) = Zi = 1 AM,i ≪P(-t/T±)
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Fig. 10. Calculated decay curves for the monomer
fluorescence. The sign, + represents the
experimental value in Fig. 6. (1) C1 ,






Fig. 11. Calculated rise and decay curves for
the excimer fluorescence. The sign, +
represents the experimental value in
Fig. 7. (1) C6, (2) GU, and (3) C2.
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These parameters in Eqs. 16 and 17 are listed in
Table 2 for the samples, C1, C2, and C3. The decay
times, t.|, Tp, and t, are originally the decay times
of the naphthalene chromophores at the sequences of
Table 2. Decay parameters of the monomer and ex-




































































SNS, SNN, and NNN respectively, but calculated decay
times deviate from those values owing to the mixing
of the location of excitation energy. For the decay
curve, Fj.(t), the pre-exponential factor, A., is
uumxiiaiiu xii -LJH * ' ^ ' oaioix uiio muxiuuicl c;lli_Lo o -i-^ ax ollUWO
a single exponential decay with the longest lifetime
t.. , except the time immediately after the exciting
pulse. For the decay curve, F~(t), the t., x?, and
t, become the rise time of the excimers, and the
decay profiles of F~(t)'s are considerably affected
by the rise components, t? and t, not only for the
samples of high naphthalene contents but for those
of low contents. The observed decay curves, Ij,(t)'s
can be simulated by using such two or three rise
components for the rise time of excimers.
The stationary state behavior is also examined
using the Eqs. 7-11, under the conditions,
d[M'f]/dt = dtD^j/dt = 0 for the naphthalene chromo-
phore of each sequence. Figures 4- and 5 show the
quantum yields, $M and $n calculated for various
naphthalene contents of copolymers. In low tempera-
tures, the association rate constants kQ1's are
o 8 1
evaluated from the value at 25 C, 2 x 10 s~ , using
the activation energy, 5.3 kcal/mol, which is obtain-
ed for various model compounds and PVN, and k, is
chosen to fit in with the measurements. The other
rate constants are given by the results for PVN
described in Chapter 8. These rate constants are
summarized in Table 3. As shown in Figs, k and 5≫
these calculation can reproduce both the found
quantum yields, $,- and $,-. for wide region of naph-
thalene contents at various temperatures.
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Table 3. Photophysical rate constants obtained























































The kinetic equations indicate important charac-
teristics of the polymer systems. The large value
for the migration rate constant (k^ = 3 x 10 s )
shows considerably fast migration of excitation
energy among the pendant chromophores on the polymer
chain. It has been said that there are mainly two
mechanisms in these singlet-singlet migration systems,
Coulombic interaction between electronic excited
states of chromophores and exchange interaction
between the overlapping electron clouds of the
chromophores. ' The former Coulombic interaction
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usually operates in the longer distance of chromo-
phores than the latter mechanism, but the spectro-
scopic data for MNEt in THF gives ca. 12 2 as the
critical distance, R , with the next equation for
the dipole-dipole interaction of Coulombic inter-
actions, at which energy migration and internal de-
activation processes have equal probability,
R =
(9000 In 10) K2 f
1q








where n is the solvent refractive index, K is an
orientation factor, £(v) is the molar extinction co-
efficient at wavenumber v, and f(v) is the relative
donor fluorescence quantum intensity at v.
In a low viscosity medium satisfying the con-
dition, R ≪
Volmer kineti
, the migration obeys Stern-
Then, the rate equation can be
written by the time-independent migration rate con-
stant, k, and the concentration of energy acceptor,
[a] as follows,
d(M*J/dt = - ( kQ1 + kt [A] ) [M*] . (19)
In the Eqs. 1-9, [A] is replaced by the intra-
molecular concentrations, PNPSNS≫ pnPSNN' and PNPNNN
for the corresponding naphthalene sequence in the
polymer molecules. Here, the rate constant, k, is
closely concerned with the Brownian motion of the
polymer segments. Supposing that the migration is
a diffusion controlled process and has the conditions
that probability of reaction
r < R , and p = 0 for r > R ,
p.
5)
is equal to 0.5 for
the experimental
data mean that the polymer segments collide with
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the other part of the polymer chain with the rate of
6 x 108 s~1.
In high content region of naphthalene chromo-
phores or in homopolymer PVN, a different migration
process will be taken place in the polymers. In
such high content samples, most of the naphthyl
groups situate in the row of consecutive chromophores
on the polymer chain, so the excitation energy can
migrate along the chromophores row with a faster
rate than that described above. In the next section,
a quenching experiment for the monomer and excimer
fluorescence is shown and the result is discussed in
comparison with the migration rate obtained by the
kinetic analysis of decay curves.
9-3, A- Quenching Rate for the Monomer and Excimer
Fluorescence
The quenching of naphthalene fluorescence by
biacetyl has been found to be diffusion controlled
process with a quenching radius: R = 11 A. This
interaction distance is the same as the transfer
distance between naphthalene chromophores estimated
from spectroscopic data. First, the results for
MNEt and extremely low naphthalene content copoly-
mer (ca. ＼%) are described briefly.
The naphthalene chromophore in this copolymer
shows only monomer fluorescence, and is considered
as a fluorescent probe singly introduced on the poly-
mer chain. The quenching rate by biacetyl is expect-
ed to reflect the encounter frequency between a poly-
mer chain and a biacetyl molecule. The quenching
process in fluid solutions has been treated by Stern-
- 237 -
Volmer kinetics,
<Dq / $ = TQ / T = 1 + kq Tq
[Q] , (20)
where $ , xQ are the quantum yield of fluorescence,
its lifetime in the absence of quencher, respective-






Fig. 12. Stern-Volmer plots for the lifetime
of monomer fluorescence t of ＼% co-
polymer at various temperatures.
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relation is plotted in Fig. 12. From the slope of a
line and lifetime t ≫ the quenching rate constant,
- - -- -o -
k" is obtained. The rate constant and its activa-
tion energy, E(k5,,), for MNEt and the ＼% copolymer
are listed in Table k- Here, two important points
in Table L are noted: (1) the activation energies,
E(kSj )'s are found to be 1.8 - 2.0 kcal/mol, and
these values are very close to the activation energy
of solvent viscosity, (2) the quenching rates of MNEt
are 2.0 to 2.5 times larger than those of the "＼%
copolymer. These facts indicate that the quenching
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reaction is a diffusion controlled process. In the
Smoluchowski expression for the rate parameter of a
diffusion controlled process,
kq = 4 tt N1 D R {1 + R(tt D t)~1^2} , (21)
the mutual diffusion coefficient, D is given as the
sum of the diffusion coefficients of the two species:
naphthalene moiety and quencher ( D = Dj, + DQ ).
The diffusion coefficient of naphthalene moiety
attached to the polymer chain is negligibly small
as compared with low molecular weight molecules.
Then, the quenching rate between polymers and small
molecules are expected to reduce half the rates
between two small molecules.
On the basis of these characteristics, the re-
sults for various naphthalene content copolymers
are discussed, hereinafter. The copolymers having
naphthalene contents of more than 10$ show excimer
emission besides the monomer fluorescence. In order
to obtain both the quenching rate constants, k|L for
the excited monomer state, and k5? for the excimer
state, two different methods were used. First, the
results obtained by the photostationary method is
described.
Under the steady state condition, the next









J + { kQ2 + kQ2
I
o ' (22)
is the tensity of incident light. Equa-
24-0 -
tion 22 can be rewritten as follows,
f(kf + kn + k^lQ])/ k^} $M + {(k£2 + knQ2
+ k02 [Q])/ k? } *D = 1 . (23)
In Eq. 23, unknown parameters are two quenching rates,
k|L and kgp, and the other have already been obtain-
ed. It was confirmed in this system that reciprocal
of the excimer's lifetime (1/t^) is almost equal to
the sum of rate constants for the excimer state,
V k02 + *s2 + kq+ *02 (Q) . (24)
because the equilibrium at the excited state lies so
heavily to the excimer state. The quenching rate
constant, kSL is obtained by the simple Stern-Volmer
plot for the lifetime of excimer emission.
Therefore, k|L is given by the measurements of
quantum yields, $M and $^.
In the second method, the analysis of transient
decay curves are carried out using the kinetic equa-
tions already mentioned. The rate constants, k5.
and k5p are chosen in such a way that the calculated
decay curves for both the monomer and excimer emis-
sion fit with the observed transient curves. This
method can be applicable for the low naphthalene
content samples and the quenching rate thus obtained
agreed with those from photostationary method.
The rate constants, kSL and k5p at 25 °C are
plotted against the content of naphthalene unit in
Fig. 13^ Tne observed k^'s show no change in the
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Fig. 13. Quenching rate constants, k^ and kpi0
against the contents of naphthalene
units of copolymers.
almost the same as that of monomer fluorescence for
the low naphthalene content copolymers, in which the
quenching process is known to be diffusion con-
Q 11trolled:4..6 x 107 1 mol~ s . It is clear that bi-
acetyl molecules quench the naphthalene excimers with
diffusion controlled reaction rate, and excimers are
localized on the polymer chain since the quenching
rates show no variation with increase of naphthalene
2A2 -
content in the copolymers.
On the other hand, the rate constant, k^ shows
remarkable increase in the region above ^0% of naph-
thalene content. As mentioned above, the diffusion
coefficient of polymer chain is negligibly small.
So, the mutual diffusion coefficient is written by
the sum of D^ and migration coefficient of excita-
tion energy A. Hence, it seems that the large kg^■s
for high naphthalene content polymers are due to the
-5 2-17)
increase of A. If Dn is taken as 2 x 10 cm s ,
y - 5 2 -1
then A is estimated to be 6 x 10 cm s for homo-
polymer, PVN. These polymer systems are too complex
for a make quantitative discussion using the simple
diffusion model, but the results suggest that the
excitation energy can migrate among chromophores of
PVN about three times faster than the diffusion of
biacetyl molecule, and the migration effect becomes
marked in the copolymers whose naphthalene contents
are larger than 1*0%. In the present stage, there
is no appropriate model to quantify the migration
rate in polymers, but the migration will be carried
8)out in the time range of picosecond. ;
It is interesting to compare this fast migra-
tion process with the migration rate obtained by the
kinetic analysis of monomer and excimer fluorescence
8 ―1decay curves: k. = 3 x 10 s~ . The latter type of
energy migration takes place even in the naphtha-
lene content below UR%> since the excitation energy
can migrate from an excited chromophore to another
one with the intramolecular collision of the polymer
segments. This type of energy migration is assisted
by the micro-Brownian motion of polymer chain, and
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hence, does not enhance the quenching rate constant
by biacetyl. With increasing naphthalene contents,
another type of energy migration takes place. In
the high naphthalene content samples, most of the
naphthalene units situated in a row of consecutive
chromophores on the polymer chain, so the excita-
tion energy can migrate along the chromophore･s
row at a faster rate than the segment motion of
polymer chain. This type of energy migration should
increase the quenching rate of monomer fluorescence.






































The marked increase of kS.. is attributable to this
type of energy migration.
It has been already shown in Chapter 7 and 8
that fast migration of excitation energy enables to
enhance the excimer formation efficiencies. As
shown in Figs. 4-and 5 in high content region, the
more efficient quenching of the monomer fluores-
cence and formation of the excimer than the pre-







Fig. 14-- Dissipation processes of the excita-
tion energy and their rate constants in
the copolymer system. The rate constants
are in unit of s~ .
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fast migration along chromophores, which seems to be
also the cause of molecular weight effect observed
for PVN in Chapter 8. This migration effect will
be easy to appear under the condition that the
molecular motion is suppressed in low temperatures
or rigid matrix. This is discussed again in the
next chapter using polystyrene films containing
trace amounts of PVN.
Lastly, the photophysical processes in the
copolymer system are summarized in Table 5, and the
rate constants are shown in Fig. 1A.
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CHAPTER 10
Excimer Emission of Poly(2-vinylnaphthalene)
Dispersed in Polystyrene Matrix
10-1. Introduction
In the studies on the intramolecular excimer
formation of high polymers in solution, it has been
clarified that the energy migration along the poly-
mer chain besides the micro-Brownian motion of the
polymer chain, plays an important role in the forma-
tion of excimer. The manifestation of the energy
migration seems to become more pronounced when the
micro-Brownian motion is inhibited, e.g., when a
polymer having aromatic side groups is imbedded in
solid matrix. In such a situation, the excimer forma-
tion is mostly through the migration of excitation
energy to the excimer site. In solid systems, it
is expected that the phenomena of energy migration
along a polymer chain are observed explicitly.
Several interesting studies on the emission proper-
ties of high polymers in solids have been reported
1 ) 2) 3)by David, ' Fox, ' and Frank. ' They pointed out
the important role of energy migration in photo-
physical properties of polymer systems.
In the present chapter, the photoluminescence
characteristics of poly(2-vinylnaphthalene) (PVN)
and vinylnaphthalene-styrene copolymers in poly-
styrene (PSt) film have been studied. A marked
molecular weight dependence of excimer formation
2A9 -
efficiency was observed for various PVN samples,
and it will be tried to interpret the result as an
effect of energy migration on the polymer chain.
10-2. Experimental
The characteristics of PVN homopolyraers used
in this chapter are summarized in Table 1. The
PVN-A polymers were prepared by anionic polymeriza-
tion in THF using sodium naphthalene as an initia-
tor. The PVN-R polymers were prepared by radical
Table 1 . Characteristics of PVN home-polymers
and observed quantum yield ratio, $,/$..































































polymerization in bezene solution at 60 °C. The
polymer samples were fractionated by the fractional
precipitation method. The molecular weight were
determined by GPC, some points of which were cali-
brated by light scattering measurements, vapor pres-
sure osmometry and viscosity. The trimer model com-
pound, 1,3,5-tri(2-naphthyl)pentane (TNPe) was syn-
thesized by the method described in Chapter 7.
The characteristics of the copolymers are summarized
in Table 2, whose samples are the same used in Chap-
ter 9- F≪is the mole fraction of VN unit in the
copolymer, and P, is the fraction of the adjacent
pair of naphthalene on the polymer chain which are
Table 2. Characteristics of vinylnaphthalene-
styrene copolymers and observed quantum
yield ratio, $~/<i> and the lifetime of



























estimated from the copolymerization reactivity ratios.
Polystyrene was obtained from Nakarai Chemicals Ltd.,
and purified by repeated precipitation from benzene
solution with methanol. The molecular weight was
determined to be 2 x 10 by GPC measurements.
Sample film was casted on a wall in quartz cell by
slow vacuum distillation from spectrograde benzene
solution. The PVN concentration in PSt matrix was
0.2 - 0.3 vt%, and the thickness of the film was
about 100 um. The casting temperature was fixed at
25 °C. Fluorescence spectra were observed by front
surface excitation ( excitation wavelength: 300 nm);
the spectra were unchanged with the exciting wave-
length between 290 nm and 320 nm.
10-3. Results
The fluorescence spectra of the copolymers, C4-,
C5, and C6 dissolved in PSt matrix are shown in Fig.
1. As the content of naphthalene chromophores in
the polymer increases, the quantum yield ratio $,/$,
increases markedly. In Fig. 2, the ratios are
plotted against the probability, P^ which seems to
be proportional to the intramolecular concentration
of the excimer forming sites between adjacent chromo-
phores on the polymer chain. The result obviously
deviates from the linear relationship. This indi-
cates that besides the number of adjacent pairs of
chromophores, an additional mechanism to enhance the
excimer formation plays more and more important role
as increasing the naphthalene content of the co-
polymers. Such a process can be easily presumed to













Fig. 1. Fluorescence spectra of vinylnaphthalene-
styrene copolymers in PSt matrix: (1) C4-.
(2) C5t (3) C6, and U) PVN-R7. There is
no appreciable exciraer emission for C1 ,
C2, and C3.
chain. The copolymers containing the naphthalene
units less than the fraction of CA ( PN= 0.4.4.)
show no appreciable excimer emission in films,










Fig. 2. Quantum yield ratios, ^r/^M as a
function of the probability P* *
show efficient excimer formation as described in
the previous chapter-
The fluorescence spectra of PVN homopoymers
with various molecular weights were measured in PSt
matrix and they are shown in Fig. 3. The trimeric
model compound, TNPe dose not show excimer emis-
sion, and its fluorescence characteristics are
similar to those of 2-ethylnaphthalene (MNEt). But,
as the molecular weight increases, the quantum yield
ratio, $-./$, increases markedly. The value of $-p,/$M
and the decay time of the excimer emission, t^ are
given in Table 1. The decay times are approximately
constant for all samples: 65 - 69 ns, these values
are almost identical with the decay time of excimer
emission of PVN in solutions. The ratio, $,/$.., is
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plotted as
to 8 x 10^
a function of the
in Fig. 4., and up
molecular weight M, up
to 5 x ^05 in Fiff.5.
10-4* Discussion
10-4, 1. Copolymers
A photophysical kinetic scheme for excimer forma-
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500
Fig. 3- Fluorescence spectra of various PVN homo-
polymers in PSt matrix: (1) PVN-R1, (2)






































where (M-M) is the excimer site on the guest polymer
chain. Under photostationary condition: d[ M j/dt =
d| D J/dt= 0, the ratio of the quantum yields of
excimer emission to monomer fluorescence, $n/$M can
be expressed in the following form,
V$M = k02 k21 [(M-M)]/kg (kQ2+ k12) (1)
where k~? = k~p + kn~. This equation implies that the
quantum yield ratio reflects directly the rate of
excimer formation process and the concentration of
the excimer forming sites. Since the micro-Brownian
motion of polymer chain is suppressed in films, it
is impossible to form excimers between adjacent chro-
mophores by conformational changes of polymer chain
during the lifetime. Furthermore, energy migration
between non-adjacent chromophores assisted by micro-
Brownian motion seems to be inefficient under such
solid condition; in solution, this type of energy
migration causes efficient excimer formation in the
low naphthalene content samples. This is the reason
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that the copolymers C1 , C2, and C3 show no appreciable
excimer emission in films. As increasing the naph-
thalene content of copolymers, another type of energy
migration will become efficient; energy migration
along the row of chromophores on the polymer chain.
As shown in Eq. 1, the excimer formation efficiency
is not only affected by the concentration of excimer
forming sites but also affected by the migration rate
of excitation energy in the domain of guest polymer.
Energy migration rates vary with the naphthalene
contents of the samples, and the changes have to
taken into account in addition to the concentration
of excimer site. As shown in Fig. 2, this migration
process enhances the ratio, $~/$M for C4-, C5≫ and C6,
well ahead of the expected values from the probabili-
ty of adjacent pair, P .
One of the major problems is how to determine
the migration rate of excitation energy in the co-
polymer systems. Soutar et al. reported a good
proportionality between the ratio, $t＼/$uan(i the
mean square length of naphthalene unit on the poly-
mer chain in the solid system: PVN in PMMA matrix.
In the present system, however, such a relationship
was not obtained for PSt films. Accurate evaluation
of the migration rate in the copolymers has not been
clarified yet. But, with regard to this migration
process, the observation for the homopolymer samples
having various molecular weights seems to provide
rather significant information, since the diffusion
length of excitation energy is restricted within the





Fig. 4.. Molecular weight dependence of $^/$M up
to 8 x 10*. O: PVN-A and ･: PVN-R.
Solid lines show calculated values from
the probability, ( 1 ) p= 1/4-0, (2) p =
1/60, and (3) p= 1/80.
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10-4., 2. Excimer Formation Mechanism in Homopolymers
Marked molecular weight dependence of the quan-
tum yield ratio $t)/$m are observed. The decay times
for the excimer emission are approximately constant
for all samples, therefore, the observed molecular





processes. In the first place, let us consider the
dependence of the quantum yield ratio on M up to 8 x
10*, the results of which is shown in Fig. 4..
If W(k,n) is the probability that k excimer
sites are formed in a guest polymer whose degree of





+ Z qM(k,n) W(k,n)}
k=1
(2)
where qM(k,n) and qD(k,n) are the quantum yields of
monomer fluorescence and excimer emission, respective-
ly, for the polymer molecule whose degree of poly-
merization is n and whose excimer site is k. Now,
the probability that an adjacent naphthalene pair
becomes an excimer site is denoted by p. If the
probability is not affected by neighbors, W(k,n) is
given by a Bernoulian distribution, and for large
values of n, it can be approximated by a Poisson
distribution as follows,
W(k,n) = Xk e~X I k! (3)
where X is the average number of excimer sites in a
single guest polymer molecule, and is given by A.=
np. For large values of n, the ratio *D/$M should
reach a limiting value, since the encounter proba-
bility of diffusing excitation energy to an excimer
site becomes independent of n, in the case that the
polymer chain length is sufficiently longer than the
diffusion length of excitation energy during chromo-
phore's lifetime. This appears to be in the region
259 -
of M above 5x10^ as seen in Fig. U- For small
values of n, the ratio $_./$..will be small, since
the probability p is fairly low; almost all guest
molecules have no excimer site on the polymer chain.
The excitation energy of such a guest molecule cannot
contribute to excimer formation, regardless of its
migration efficiency.
On the assumption that in films the dissocia-
tion rate k1? is negligibly small compared with kn?,
the quantum yields, $w and ^are given by,
$M = kO1
*D = TD
/ ( k01 + k21 )
k02
where k
k21 ' ( kO1 + k21 > U)
ni ~ ^TM ~ ^01+ ^01* ^ use °^ ^^e limiting
value ($_/$,)' of high molecular weights in Fig. J+,
the rate of excimer formation k?1 (p) for a site con-






























centration of p, is given by
k21 (p) = (VV kO1 / TD k02
Here, let k?1 be proportional to the concentration
of excimer site as follows.
k21(k,n) - k21(p) (k/A) .
From Eqs. 2, 3, A> 5≫ and 6, we can evaluate the
(5)
(6)
quantum yield ratio $~/$M with those rate parameters
and A (= np). The rate parameters were obtained
experimentally as listed in Table 3. The calculated
values of $t)/$m are shown by curves in Fig. 4-for
various p values. All experimental data gave excel-
lent agreement with the curve for p = 1/60. From
this value, the energy of excimer conformation based
on the energy of stable chain conformation, AE is
estimated to be 24.00 cal/mol, from the relation,
AE = -RT In p.
The problem of random walks with spontaneous
emission has been treated by Rosenstock, ' Levinson,
and Rudemo. They assumed that there exist two
kinds of sites in one or three dimensional lattice,
e.g., "ordinary site" and "absorbing site" whose
fraction is p. In their treatment, the excitation
energy at an ordinary site may be emitted at the site,
and leaves the lattice with probability, a. In one
dimensional lattice, the emission probability,
Q(a, p) is given as follows,
Q(a,p) = 2/tt3/2 - (2/tt) t exp(t2){1 - Erf(t)}
+ (2/tt2) G(t) (7)
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where t = Trp/(2a)2, Erf(t) is the usual error func-
tion and G(t) is given explicitly in ref. 5. In
three dimensional lattice, the OfcY.n) is crivRn aa
follows,
Q(a,p) = ( 1 + 0.66 p / a )-1 (8)
In their discussion, if the ordinary site and the
absorbing site are regarded as monomer excited state
of naphthalene chromophore on the polymer chain and
as excimer state, respectively, the equation derived
by them can be applied to the present work.
Using the value of ($_/$,)' and rate parameters,
we can estimate the probability. 0(a,p)
*M = ( kO1 / kO1 } Q(a'P}
$D = ( kQ2 / kQ2 ) {1 - Q(a,p)}
then,
(*D/*M)I= (k02 kO17 kO1 k02} ^(a'P)"1 " 1} ^9)
From the observed value: ($D/*M)' = 2.0, Q(a,p) is
found to be 0.21. In one dimensional random walk
model, this value gives a = 1-3 x 10"^ and by use of
the dissipation rate of excited monomer, kni= 1.8 x
7-110 s , energy migration rate constant k, is ob-
11-1tained to be 1.5 x 10 s . On the other hand,
_3
the three dimensional model gives a = 2.9 x 10
and the migration rate constant k, is obtained to
a _1 z
be 6 x 10 s ･ These values indicate that the
number of jumps of excitation energy during the life-
time is ca. 300. Although the adequacy of the models
is not clear, both of the results led from the one
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Fig. 5 Molecular weight dependence of $-,>,/$M
up to 5x10 .
50
energy migration on the polymer chain in the range
of 1010 - 1011 s-1.
The behavior of 4>D/$M in the range of higher
molecular weights above M - 2 x 105 cannot be explain-
ed by this energy migration scheme. If the polymer
molecules in PSt matrix are dispersed monomolecular-
ly, the ratio must be independent of M for very high
molecular weight region, or decrease in such a region.
The further increase of $D/$M with M as shown in Fig.
263 -
5, may be due to the intermolecular aggregation of
PVN in PSt matrix, since the emission properties
8)
become similar to those of PVN neat film. ' The
phenomena are interesting in connection with com-
patibility of polymer solids.
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In Chapter 1, some fundamental characteristics
of excimers were described, and two important points
were noted: (a) excimer formation is a dynamic
process due to a diffusion controlled collision be-
tween two chromophores during the excited lifetime,
(b) excimers are formed by short range attractive
interactions, and the geometry of two aromatic mole-
cules in the excimer state is the sandwich parallel
arrangement at the distance of 3 - 4-A. On the
basis of these characteristics, two purposes for the
study of intramolecular excimers in polymer systems
were described. The first is fundamental interest
for the relaxation processes of excitation energy
in polymer systems. It has been known that the
excitation of pendant chromophores of vinyl aromatic
polymers brings about predominant excimer formation.
It was pointed out that the detailed knowledge of
the intramolecular excimers is essential for under-
standing of the photophysical and photochemical
phenomena in polymer systems. The second is applica-
tion of the excimers for the study of physical
properties of polymers. The formation of intra-
molecular excimers was considered to be closely re-
lated to the molecular motion of polymer segments
and their micro-structures.
In Chapter 2, detailed experimental methods
for studying the excimer formation processes of naph-
thalene chromophores, were mentioned. In order to
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obtain all rate constants in the kinetic scheme, it
was necessary to make quantitative measurements
under photostationary and transient conditions. In
the photostationary measurements, quantum yields of the
monomer and excimer fluorescence were determined re-
lative to the fluorescence of quinine sulfate. These
measurements were meticulously carried out at various
temperatures. In the time-resolved mesurements, rise
and decay curves of the monomer and excimer fluores-
cence were directly observed by a pulsed nanosecond
fluorometer, and two decay parameters, A1 and Ap
were determined. The kinetic treatments for the
excimer formation processes were described, where all
rate constants could be obtained by thus observed
values of quantum yields and decay parameters. The
procedures mentioned in this chapter were used in the
following works of this thesis.
In Chapter 3, the inter- and intramolecular ex-
cimer formation processes were analyzed in practice
with the photophysical reaction kinetics. The rate
constants were determined,and the characteristics of
inter- and intramolecular excimers of 2-ethylnaph-
thalene and 1,3-di(2-naphthyl)propane, respectively,
were discussed. For the intermolecular excimers, a
little slower association rate constant and somewhat
larger activation energy compared with pyrene chromo-
phore, were observed. This results indicated that
the steric condition necessary for the formation of
excimers is strict in the case of naphthalene chromo-
phore. For the intramolecular excimers, it was
demonstrated that both the association and dissocia-
tion processes are depressed by the methylene chain
- 267 -
restriction. Efficient intramolecular excimer forma-
tion was observed even at room temperature; the
intermolecular excimers could not be found at room
temperature, because of the predominant dissociation
process. The association rate constant was also
smaller than the value evaluated from the apparent
concentration of naphthalene units. From these
facts, it was concluded that the characteristics of
intramolecular excimers exist in the association and
dissociation processes, which reflect the binding
effect of methylene chain and its rotational re-
laxation processes.
In Chapter 4, the geometrical requirements for
intramolecular excimer formation were investigated.
The n =3 rule was examined for a,oj-dinaphthylalkanes
up to n=12. Although corresponding dipyrenylalkanes
having the same number of carbon atoms showed the
excimer emission, no appreciable excimer emission
couldnot ~beobserved in the case of naphthalene chromo-
phores. Hence, it was concluded that there are some
strict geometrical conditions for the intramolecular
excimers of naphthalene chromophores, and it is due
to the small binding energy of the excimers and the
short lifetime of the excited state. Next, the
emission behavior of unstable excimers were observed.
The molecular axes of naphthalene units were not
parallel, although the structures were close to the
sandwich arrangements. In a3-DNPr, the axes of naph-
thalene chromophore were rotated by an angle of ca.
4-0 from the parallel conformation, and in cis-DNCb,
the long in-plane axis was tilted by an angle of ca.
50 from the parallel arrangement. These compounds
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formed unstable excimers in the excited states, which
showed some extraordinary behavior: small enthalpy-
gain for the association process, large dissociation
rate of the excimer, and increase of non-radiative
dissipation process. These results indicated that
the aromatic rings must take the parallel sandwich
arrangement at the stable excimer state. The strict
configurational requirements of naphthalene excimers
were expected to provide useful information for the
conformation of molecules and their rotational
motions.
In Chapter 5, various dinaphthylalkanes in
which two naphthalene units are separated by three
carbon atoms were prepared, and intramolecular ex-
cimer formation was investigated. All rate constants
were determined by the steady state and time-resolved
measurements. A large difference in the association
rate constant was observed with variation of mole-
cular structure. The results indicated that intra-
molecular excimer formation is directly controlled
by the rotational relaxation processes of the mole-
cules from their neighboring conformations to the
excimer conformation. A large formation rate ( 7-9
x 108 s""1 at 25 °C) was observed for meso-2,4-di-
naphthylpentane, the rate for the racemo isomer
being found to be one tenth of that for the meso
isomer- This indicated that the isotactic sequence
in vinyl aromatic polymers plays an important role
in the intramolecular excimer formation.
In Chapter 6, the pathway of internal rotation
from the most stable conformation to the excimer
conformation was clarified. By the use of this re-
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suit, the rate constants of intramolecular excimer
formation were interpreted excellently. The rate
constants k?1's obtained in Chapter 5, were 2.1 x
108s"1 for 1,3-DNPr, 2.8 x 108s"1 for 1,3-DNBu, and
8.7 x 108s~1 for 2,4-DNPe(meso) . These values were
consistent with the results of calculation; the frac-
tions of the conformation neighboring to the excimer
state were estimated to be 0.4. for 1,3-DNPr, 0.6 for
1,3-DNBu, and 0.98 for 2,4-DNPe(meso). From these
facts, it was concluded that intramolecular excimers
are mainly formed by the internal rotation, trans -*■
gauche, of the naphthalene unit and the fraction of
the tg state which is the adjacent conformation to
the excimer one, serves as an effective concentration
of the intramolecular reaction. It was also demon-
strated that the small formation rate for 2,4--DNPe
(rac) is due to the unfavorable rotational mode
(g + g ) necessary to achieve the excimer conforma-
tion.
In Chapter 7, three trimer model compounds were
investigated using the time-resolved technique. By
the analysis of these compounds, interactions of
each pair of naphthyl groups in the trimer, NNN,
could be discussed separately. An enhancement of
the excimer formation rate constant was observed,
and the behavior was interpreted with two factors in
addition to those described in the previous chapters.
First, the excited middle naphthyl group of NNN can
chose either of two terminal naphthyl groups as the
partner of intramolecular excimer. This effect in-
creased the formation rate up to ca. 1.3 times
larger than that of NNS. It can be regarded as
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an increase of the intramolecular concentration of
chromophores. Secondly, the rapid migration of the
excitation energy among chromophores enhances the
association rate still higher in addition to the
enhancement due to the first effect. The trimer,
NNN, can be cinsidered as a smallest model compound
having polymer effects on the relaxation processes.
Hence, these results provided many useful information
about the photophysical behavior of excitation energy
in polymer systems.
In Chapter 8≫ the mechanism of intramolecular
excimer formation in poly(2-vinylnapthalene) (PVN)
were discussed on the basis of the photostationary
and transient emission behavior. It was found that
the intramolecular excimers are formed efficiently in
Q _-IPVN (k?.= 7 x 10 s ), and the efficiency increases
with the increase of the molecular weight up to 2 x
10. In order to explain these phenomena some physi-
cal properties concerning with polymer molecules were
considered: interaction between non-adjacent segments,
variation of rotational relaxation times, end effect
of polymer chain, and effect of energy migration.
The measurements for a,u)-dinaphthylalkanes and for
PVN in various solvents made the existence of non-
adjacent excimers improbable. Furthermore, end
effect of polymer chain became also unlikely as a
cause of the molecular weight dependence, because
the emission behavior of ABA type block copolymers
did not depend on the whole degree of polymerization
but on the chain length of the vinylnaphthalene block
in the copolymer. From these results, it was suggest-
ed strongly that the energy migration takes place
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with fairly fast rate, and it accelerates the intra-
molecular excimer formation.
In Chapter 9. kinetic analyses of vinylnaphtha-
lene-styrene copolymer systems were carried out.
The migration rate of excitation energy and associa-
tion rate of an adjacent naphthalene pair were taken
into the treatment, and their rates were obtained:
k = 3 x 108 s"1, k21= 2 x 108 s"1. The results
indicated that the considerably fast migration of
excitation energy brings about the quenching of the
excited monomer state, and causes the efficient
excimer formation. Next, it was shown from the
quenching experiment that two types of energy mig-
ration should be considered in the copolymers;
the first is the migration above mentioned, which
mainly appears in low naphthalene content samples,
and is assisted by the intramolecular collision of
the polymer segments. The second type of migration
takes place in the samples of the naphthalene content
above 4-0$, where most of the naphthalene units
situate in a row of chromophores, and the excitation
energy can migrate along the chromophore's row with
a fast rate than the segment motion. This rate was
estimated to be in the time range of picosecond.
In Chapter 10, intramolecular excimer formation
of PVN in polystyrene rigid matrix was investigated.
A marked molecular weight dependence in the range
below 10^ was observed, and well interpreted by
the energy migration model among chromophores. For
the samples of the molecular weight above 4-x 10,
the quantum yield ratio, $r)/$M reached a limiting
value, because the chain length was sufficiently
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longer than the diffusion length of excitation energy
during the chromophore's lifetime. From the results,
the probability of the formation of excimer sites, p,
and the migration rate of excitation energyei"gy , k. were
11-1 x_.
estimated to be p = 1/60, k. = 10lu- 10''s~'. These
results indicated the existence of very fast migra-
tion of excitation energy and showed clearly the
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